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1  Introduction 


Background 

Asbestos  remediation  and  disposal  in  the  United  States  is  a  multi-million  dollar 
industry.  Over  750,000  public,  commercial,  and  industrial  buildings  have  been 
estimated  by  the  U.S.  Environmental  Protection  Agency  (USEPA)  to  have  asbestos- 
containing  materials  (ACM).  During  the  renovation,  reconstruction,  or  demolition 
of  these  facilities  or  when  the  contamination  levels  become  too  high,  extensive 
procedures  are  required  to  safely  handle  the  ACM.  These  rehabilitation  programs 
are  expensive  and  a  significant  cost  burden  for  the  country. 

The  proper  procedmes  and  control  of  the  ACM  is  a  top  priority  of  the  Department 
of  Defense  (DOD).  Since  1984,  over  $5  million  has  been  spent  to  correct  or  control 
the  asbestos  in  the  Pentagon  building  alone.  The  DOD  has  control  or  responsibility 
for  a  large  quantity  of  property,  both  nationally  and  internationally.  A  large 
majority  of  these  facilities  have  asbestos  management  problems  that  range  from 
simple  to  extensive.  Under  the  Asbestos  Emergency  Response  Act  of  1986  (AHERA), 
all  school  grades  kindergarten  through  twelve  are  mandated  to  be  inspected.  The 
extension  to  all  public  and  commercial  buildings  is  also  being  considered  by  the 
AHERA.  Procedures  and  the  proper  steps  for  handling  the  ACM  are  specified  by 
legislation.  Dealing  with  the  asbestos  problem  for  both  the  DOD  and  the  U.S. 
construction  industry  is  expected  to  continue  for  many  years  into  the  future. 

As  the  number  of  available  landfills  decrease  due  to  restrictions  specified  by  the 
USEPA  and  to  the  need  to  comply  with  the  National  Emission  Standards  for 
Hazardous  Air  Pollutants  (NESHAP),  the  cost  for  asbestos  disposal  will  increase  due 
to  a  relative  increase  in  demand  and  also  to  the  greater  transportation  distances  to 
available  landfills.  The  possible  migration  of  asbestos  fibers  into  the  air  and 
groundwater  from  landfill  areas  will  also  add  to  the  cost  of  disposal  due  to  more 
restrictive  enforcement. 

Plasma  arc  technology  destruction  of  ACM  can  be  an  effective,  economical,  and 
timely  solution  to  the  asbestos  disposal  problem.  The  very  high  temperatures 
achievable  with  plasma  torches  can  convert  the  asbestos  and  ACM  into  a  chemically 
inert  glasshke  residue  that  meets  aU  Federal  (USEPA)  and  local  regulatory  compliance. 
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The  development  of  this  emerging  technology  for  the  destruction  of  ACM  is  an 
important  and  desirable  step  toward  construction  and  testing  of  a  basic  prototype 
system. 


Objectives 

The  overall  objectives  of  this  study  were  to  conduct  all  research  necessary  to  test  and 
evaluate  the  innovative  concepts  required  for  the  vitrification  and  destruction  of 
asbestos-containing  materials,  taken  directly  from  asbestos  abatement  project  sites. 
Research  was  conducted  in  two  phases.  Results  of  the  CPAR  Phase  1  test  program 
indicated  that  plasma  arc  technology  would  successfully  process  pure  asbestos  into 
a  safe  and  harmless  vitrified  product.  The  objectives  of  the  CPAR  Phase  2  program 
were  to  demonstrate  that  ACM  could  also  be  successfully  processed  into  a  harmless 
vitrified  product,  and  to  address  the  design  criteria  for  a  mobile  Plasma  Asbestos 
Pyrolysis  System  (PAPS)  for  on-site  destruction  of  ACM,  including  a  time  schedule 
to  develop  and  test  an  industrial-scale  prototype  system. 


Approach 

The  study  was  divided  into  its  major  experimental  and  technical  components.  The 
experimental  approach  was  to  proof  all  aspects  of  the  asbestos  destruction  process 
such  as  handling,  feeding  and  extraction,  operation,  and  determining  the  condition 
of  the  processed  products.  In  addition,  as  part  of  the  experimental  approach,  offgas 
emissions  were  tested  to  verify  compliance  with  all  Federal,  State,  and  local 
regulatory  requirements.  Consequently,  the  technical  aspects  of  the  approach 
targeted  future  process  optimization,  technology  transfer,  and  economic  analysis. 
An  important  part  of  the  technical  approach  was  the  development,  characterization, 
and  production  of  the  PAPS  basic  design  criteria  and  preliminary  design  drawings. 
This  effort  was  based  on  the  entire  project  results,  including  findings  and  con¬ 
clusions  from  both  the  experimental  and  operational  protocols  of  the  plasma¬ 
processing  unit  at  Georgia  Tech. 


USACERL  TR-97/64 


13 


Metric  Conversion  Factors 

The  following  conversions  factors  are  provided  for  standard  units  of  measure  used 
throughout  this  report. 


1  In. 

= 

25.4  mm 

1  ft 

= 

0.305  m 

1  sq  ft 

0.093 

1  cu  ft 

= 

0.028 

1  cu  yd 

= 

0.7645 

1  ml 

= 

1.61  km 

1  lb 

0.453  kg 

1  gal 

3.78  L 

1  ton 

= 

0.907  metric  ton 

°F 

= 

(°C  X  1.8)  +32 
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2  Background 


The  Asbestos  Hazard  (2,3,4) 

Asbestos  is  a  naturally  occurring  mineral.  It  is  distinct  from  other  minerals  by  its 
crystals,  which  form  long,  thin  fibers.  Deposits  of  asbestos  are  found  in  the  United 
States  and  throughout  the  world.  The  primary  sites  of  commercial  production  are 
in  Canada,  Russia,  and  South  Africa.  When  extracted  from  the  earth,  the  asbestos- 
containing  rock  is  crushed,  milled,  and  graded.  This  produces  long,  threadlike  fibers 
of  material.  What  appears  as  a  single  fiber  is  actually  an  agglomeration  of  hundreds 
or  thousands  of  fibers,  each  of  which  can  be  divided  even  further  into  millions  of 
microscopic  fibrils.  Chrysotile  is  the  most  common  type  of  asbestos  used  in 
buildings,  and  accounts  for  approximately  95  percent  of  the  asbestos  found  in  U.S. 
buildings. 

Asbestos  was  used  widely  because  it  was  plentiful  and  inexpensive.  Its  unique 
properties  (fire  resistance,  high  tensile  strength,  low  thermal  and  electrical 
conductivity)  made  it  a  popular  material  throughout  the  construction  industry. 
Asbestos  is  routinely  mixed  with  other  materials  (binders,  cement,  asphalt,  vinyl, 
etc.)  for  these  applications.  Collectively  these  products  are  often  referred  to  as 
asbestos-containing  materials,  or  ACM.  Three  categories  of  ACM  are  normally  used 
in  buildings: 

•  surfacing  materials  (sprayed  or  troweled  onto  surfaces) 

•  thermal  system  insulation  (pipe  wrap,  blanket  insulation,  cements,  and  muds) 

•  miscellaneous  materials  (floor  and  ceiling  tile,  roofing  felt,  concrete  pipe, 
siding,  fabrics). 

In  1984,  over  150,000  metric  tons  of  asbestos  were  used  in  the  United  States.  In 
1988,  the  USEPA  announced  the  results  of  a  national  asbestos  survey  of  3.6  million 
U.S.  public  and  commercial  buildings.  About  750,000  buildings  contained 
potentially  harmful  ACM.  About  25  percent  of  the  affected  buildings  have  sprayed- 
on  or  troweled-on  asbestos  surfacing  material,  such  as  acoustical  plaster  on  ceilings. 
An  estimated  80  percent  of  these  buildings  contained  asbestos  in  thermal  system 
insulation  (pipes,  boilers,  tanks,  or  ducts).  The  ACM  was  damaged  in  approximately 
70  percent  of  these  buildings. 
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Asbestos  is  a  known  human  carcinogen  that  can  cause  several  t3rpes  of  cancer. 
Asbestos  can  present  a  health  hazard  by  emitting  microscopic  fibers  when  crushed 
or  pulverized.  These  fibers  stay  suspended  in  the  air  for  long  periods  of  time  and 
can  become  lodged  and  can  accumulate  in  the  lungs.  As  exposure  increases,  the  risk 
of  disease  also  increases  because  the  primary  health  effects  from  asbestos  exposure 
act  on  the  lungs.  No  safe  threshold  of  asbestos  exposure  has  been  established.  The 
principal  diseases  directly  attributable  to  asbestos  inhalation  are: 

•  Asbestosis:  A  disease  characterized  hy  fibrotic  scarring  of  the  lung. 

•  Lung  Cancer:  A  fivefold  increase  in  risk  can  result  from  asbestos  exposure. 

•  Mesothelioma:  A  cancer  of  the  chest  cavity  lining  or  in  the  lining  of  the 
abdominal  cavity. 

•  Other:  Cancer  of  the  esophagus,  stomach,  colon,  and  pancreas;  pleural 
plaques,  pleural  thickening,  and  pleural  effusion. 

Under  current  regulations,  asbestos  waste  generators  (such  as  building  owners) 
involved  in  a  project  requiring  ACM  removal  must  be  identified  and  recorded. 
Liability  is  not  eliminated  by  transferring  the  care,  custody,  or  control  of  the  ACM 
to  a  landfill  owner.  Original  parties  can  be  held  legally  accountable  even  if  injury 
is  sustained  years  after  the  removal  project  is  completed.  Thus,  ACM  hurial  in  a 
landfill  does  not  end  the  liability  of  the  waste  generators. 

Asbestos  is  a  general  nomenclature  given  to  a  group  of  naturally  occurring,  hydrated 
silicate  minerals  that  exhibit  a  fibrous  morphology.  Included  in  this  group  are  the 
minerals  chrysotile,  crocidolite,  anthophyllite,  and  some  of  the  tremolite-actinolite 
and  cummingtonite-grunerite  series.  All  except  chrysotile  are  known  as  amphibole. 
Although  chrysotile  is  the  least  abundant  form  of  asbestos,  it  is  the  most  commer¬ 
cially  important  form  due  to  its  mechanical  strength,  thermal  stability,  and  low 
thermal  conductivity  (5).  General  elemental  composition  for  each  asbestos  t3q)e  is 
listed  at  Appendix  A. 

The  fibrous  morphology  of  asbestos  allows  respirable  asbestos  particles  to  become 
lodged  in  the  lung  walls  causing  scarring  that  eventually  leads  to  asbestosis  or 
mesothelioma,  both  of  which  can  be  fatal.  Due  to  the  health  hazards  associated  with 
airborne  asbestos,  new  asbestos  use  has  been  restricted  by  the  Asbestos  Ban  and 
Phase-out  Act,  and  occupational  exposures  set  by  OSHA  regulations.  An  “asbestos 
fiber”  is  defined  by  the  National  Asbestos  Safety  Council  as  a  particle  longer  than 
five  microns,  with  a  length-to-diameter  ratio  of  at  least  3  to  1  (6). 

Melting  points  for  asbestos  minerals  range  from  1193  °C  for  crocidolite  to  1521  °C 
for  chrysotile  (7).  Decomposition  of  asbestos  forms  occur  in  the  range  530-915  °C  to 
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Table  1.  Asbestos  decomposition  products  (5] 

. 

Asbestos  Tvoe 

Temp  /  Pressure 

Decomposition  Products 

Chrvsotile 

800  °C 

Forsterite  +  Quartz 

Croci(dolite 

530  °C  @  3  kbar 

Hematite  +  Maanesioferrite  +  Actinolite  +  Quartz 

Anthophyllite- 
Gedrite  Series 

•  Anthophylllte 

•  Gedrite 

800  °C  @  5  kbar 

Orthopyroxene  +  Quartz 

Cummingtonite  - 
Grunerite  Series 

•  Amosite 

•  Montasite 

800  °C 

Forsterite  +  Orthopyroxene  +  Quartz 

Tremolite- 

Ferroactinolite  Series 

•  Tremolite 

•  Actinolite 

915  “C®  15.5  kbar 

Enstatite  +  DIopside  +  Quartz 

Hornblende 

•  Hornblende 

•  Pargasite 

•  Ferrohastingsite 

840  °C  @  250  bar 

Diopside  +  Forsterite  +  Spinel 

form  the  products  as  listed  in  the  Table  1  plus  water  of  hydration  (5).  Previous 
asbestos  vitrification  research  at  Georgia  Tech  indicated  that  the  dominate 
decomposition  product,  forsterite,  is  an  orthosilicate  material  that  is  usually  very 
leach  resistant  (8).  A  description  of  these  products  of  decomposition  is  found  at 
Appendix  A.  Since  the  elemental  composition  of  each  of  the  asbestos  forms  can  vary 
slightly,  the  products  of  decomposition  also  vary  somewhat. 


Previous  Work  (9,10,11) 

The  concept  of  disposing  of  ACM  by  thermal  transformation  is  based  on  the  fact  that 
asbestos  fibers  melt  and  change  in  molecular  structure  at  elevated  temperatures. 
When  asbestos  is  heated  to  800-900  °C,  it  transforms  to  a  flaky  material  called 
forsterite.  Heating  to  temperatures  above  1,000  °C  melts  the  material  into  an 
amorphous,  chemically  inert  material.  These  changes  are  irreversible;  on  cooling, 
the  material  solidifies,  but  the  asbestos  fiber  structure  is  not  restored.  The  residue 
material  is  not  considered  to  be  asbestos,  and  is  classified  as  nonhazardous.  The 
USEPA  has  acknowledged  that  this  thermal  vitrification  process  is  sufficient  to 
render  asbestos  and  ACM  harmless. 


The  results  from  the  CPAR  Phase  1  program  successfully  demonstrated  that  plasma 
arc  technology  is  a  feasible  process  for  the  destruction  of  the  asbestos  material: 
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1.  Plasma  arc  technology  was  demonstrated  to  be  an  efficient  and  effective 
method  of  destroying  and  vitrif3dng  pure  chrysotile  asbestos  in  a  environmen¬ 
tally  safe  manner. 

2.  Only  a  few  scattered  fibers  were  found  in  the  trace  amounts  of  asbestos  found 
in  the  solid  residue  and  gaseous  effluent  during  the  analysis.  The  levels  are 
considered  negligible,  and  are  below  the  exposure  standards  and  guidelines  for 
asbestos  exposure  (i.e.,  less  than  1  percent  by  volume  in  the  solid  vitrified 
materials  and  a  maximum  airborne  concentration  of  0.2  fibers  per  cubic 
centimeter  in  the  workplace). 

3.  There  is  high  probability  for  safely  destroying  asbestos,  ACM,  and  other 
contaminated  buiMing  materials  with  plasma  arc  technology. 

4.  The  ability  to  provide  a  mobile  Plasma  Asbestos  Pyrolysis  System  (PAPS)  that 
can  effectively  process  over  7  tons  per  day  is  considered  commercially 
competitive  in  many  regions  of  the  nation  where  the  landfill  costs  are  above 
average.  As  the  disposal  costs  increase  for  landfills,  the  use  of  new  technolo¬ 
gies  such  as  plasma  arc  vitrification  are  expected  to  become  increasingly 
competitive. 

Based  on  the  capability  of  high  temperatures  to  destroy  ACM,  several  competing 
organizations  have  been  developing  commercial  vitrification  processes  using 
conventional  heating  technologies  such  as  fossil  fuels  and  electric  furnaces.  A 
thermal  destruction  process  for  ACM  would  be  attractive  to  waste  generators  and 
landfill  owners  because  it  would  eliminate  their  continuing  liability,  as  discussed 
earlier.  However,  because  temperatures  greater  than  1,000  °C  are  difficult  to 
achieve  and  maintain  in  conventional  furnaces,  additional  measures  must  be  taken 
to  assure  that  the  destruction  process  is  complete.  These  additional  steps 
significantly  impact  the  technical  and  economic  viability  of  ACM  vitrification 
processes  based  on  conventional  technologies.  Existing  conventional  ACM 
vitrification  processes  generally  require  one  of  more  of  the  following  measures  to 
ensure  ACM  destruction: 

•  long  furnace  residence  times  at  elevated  temperatures  (up  to  12  hours) 

•  addition  of  cullet  (crushed  waste  glass)  to  promote  the  melting  of  the  ACM, 
improve  glassification  of  the  residue,  and  more  effectively  immobilize  any 
residual  asbestos  fibers 

•  presorting  and  separate  treatment  of  ferrous  and  nonferrous  ACM  and 
asbestos-contaminated  material 

•  shredding  the  ACM  before  feeding  it  into  the  furnace. 

Even  with  the  above  measures,  the  residue  from  conventional  thermal  destruction 
processes  is  often  not  completely  melted  and  vitrified.  For  example,  the  vitrified 
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matorial  may  contain  unmelted  metal  debris  from  the  original  raw  material.  This 
could  reduce  the  salability  of  the  residue  material  (for  road  or  concrete  aggregate, 
etc.),  which  could  in  turn  result  in  a  requirement  to  landfill  the  residue. 


Plasma  Arc  Technology  (12,13,14,15) 

General 

A  plasma  is  a  gas  that  has  been  ionized  by  intense  heat,  such  as  that  created  by  the 
electric  arc  of  a  plasma  torch.  Unlike  nonionized  gases,  plasma  can  respond  to 
electrical  and  magnetic  fields;  the  resistance  of  plasma  to  an  electrical  field  converts 
the  electricity  into  heat  energy.  This  technology  was  developed  more  than  30  years 
ago  in  the  U.S.  space  program  to  simulate  re-entry  temperatures  on  heat  shields. 
Only  recently  has  the  technology  begun  to  emerge  as  a  commercial  tool  in  several 
industries,  including  steel  making,  precious-metal  recovery,  and  waste  disposal. 

The  heart  of  this  technology  is  the  plasma  arc  torch — essentially  a  steel  cylinder 
several  inches  in  diameter  and  several  feet  in  length;  the  specific  dimensions  are 
related  to  the  torch  power  levels.  Plasma  torches  normally  operate  in  the  100 
kilowatt  to  10  megawatt  power  range,  and  can  routinely  create  controlled  furnace 
temperatures  that  range  from  4,000  to  more  than  7,000  °C.  Thus,  plasma  torches 
can  operate  at  much  higher  temperatures  and  at  much  greater  efficiencies  than 
fossil  fuel  burners.  Furthermore,  plasma  torches  require  only  about  10  percent  of 
the  air  necessary  for  fossil  fuel  burners.  Therefore,  effluent  gases  are  greatly 
reduced  compared  to  fossil  fuel  burners,  and  furnace  systems  can  be  built  much 
more  compactly  than  conventional  furnaces,  at  correspondingly  lower  capital  costs. 
Additional  information  on  plasma  arc  technology  is  given  in  Appendix  B. 

Advantages  of  Plasma  Arc  Heating 

The  advantages  that  accrue  from  the  use  of  plasma  torches  include: 

•  High  Temperatures:  The  plasma  torch  can  create  temperatures  not  possible 
with  fossil  fuel  burners.  A  plasma  arc  torch  can  routinely  achieve  controlled 
temperatures  greater  than  7,000  °C.  This  extreme  heat  is  produced  instantly 
and  can  be  readily  automated.  Controlled  high  temperatures  increase 
potential  feed  material  throughput  rates,  and  reduce  costs. 

•  Controlled  Atmosphere:  Because  the  plasma  arc  torch  is  compatible  with 
almost  any  tjqie  of  gas  (e.g.,  reducing,  oxidizing,  neutral,  inert,  etc.),  the 
furnace  atmosphere  can  be  controlled  to  meet  unique  requirements. 


USACERL  TR-97/64 


19 


Massless  Heat:  Plasma  arc  torches  use  less  than  10  percent  of  the  air  needed 
by  fossil  fuel  heaters.  Releasing  heat  energy  with  almost  no  mass  is  a  simpler 
process  than  conventional  heating,  and  offers  greater  control  and  efficiency. 
It  also  reduces  offgas  handling  and  other  capital  costs. 

High  Thermal  Efficiency:  The  efficiency  of  plasma  arc  torches  consistently 
reaches  between  85  percent  and  93  percent.  Therefore,  the  faster  and  more 
complete  reaction  kinetics  of  plasma  energy  sharply  reduces  required 
processing  time  and  operating  costs. 


Plasma  Torch  Types 

There  are  two  basic  types  of  plasma  arc  torches.  On  the  Transferred  Arc  Torch,  the 
positive  attachment  point  is  at  the  rear  electrode  and  the  negative  attachment  point 
is  the  workplace  of  the  melt.  For  example,  if  metal  scrap  is  being  melted,  the 
negative  attachment  point  is  the  metallic  scrap.  On  N on-transferred  Arc  Torches, 
both  attachment  points  are  within  the  torch  itself  and  only  the  generated  plasma 
flame  egresses  from  the  torch. 


Plasma  Heating  System  Components 

The  plasma  arc  torch  is  only  one  component  of  the  plasma  heating  system.  The 
other  principal  components  are:  (1)  a  power  supply,  which  can  be  either  alternating 
current  or  direct  current;  (2)  a  control  panel  to  control  the  initiation  and  sustain¬ 
ment  of  the  plasma  arc  column;  (3)  a  closed-loop  water  system  to  provide  cooling  to 
the  electrodes  and  shroud;  (4)  a  gas  system  to  provide  the  small  quantity  of  gas 
required  to  create  the  plasma;  and  (5)  a  starting  system  to  start  the  torch. 


Plasma  Arc  Technology  Applications  (14, 15, 16, 17) 

Several  plasma  arc  torch  processes  for  the  destruction  of  hazardous  and  toxic  wastes 
have  been  developed  and  successfully  tested.  Research  on  a  variety  of  waste 
materials  has  been  conducted  using  plasma  energy.  The  very  high  temperatures 
and  energy  densities,  in  conjunction  with  the  ionized  and  reactive  medium,  have 
fully  demonstrated  the  potential  of  plasma  arc  technology  to  eliminate  many  waste 
materials  in  an  environmentally  safe  and  cost-effective  manner.  Materials  vitrified 
with  plasma  arc  torches  readily  pass  all  standard  leaching  tests.  Thus,  if  pure 
asbestos  can  be  destroyed  in  an  environmentally  safe  manner,  then  it  is  likely  that 
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asbestos,  ACM,  and  any  other  materials  removed  from  a  building  can  also  be  mixed, 
vitrified,  and  similarly  destroyed  in  an  environmentally  safe  manner. 

Plasma  technology  was  the  topic  at  the  1st  International  Conference  for  the 
Stabilization  and  Valorisation  of  Ultimate  Waste  (Metatechnies  1994)  held  in 
Bordeaux,  France  in  September  1994  (23),  and  the  2nd  International  Symposium 
on  Environmental  Technologies:  Plasma  Systems  and  Applications  held  in  Atlanta, 
GA  in  October  1995  (20,  21).  Plasma  arc  torch  technology  is  currently  being  used 
or  planned  for  a  variety  of  industrial  and  experimental  applications  (Table  2). 


Table  2.  Industrial  and  experimental  applications  for  plasma  arc  technology. 


•  Titanium  scrap  melting 

•  Biomass  energy  conversion 

•  Coal  gasification 

•  Shale  oil  recovery 

•  Ferro-alloy  production 

•  Platinum  recovery 

♦  Molten  steel  ladle  heater 

•  Zinc  recovery 

•  Aluminum  recovery  from  dross 

•  Chemical  Synthesis 

•  Volume  reduction  of  equipment 

•  MgO  refractory  production 

•  Tundish  heating  for  steel  casting 

•  Powder  metal  production 

•  Incinerator  ash  vitrification 

•  Silicon  metal  production 

•  Iron  ore  reduction 

•  Electric  arc  furnace  dust  vitrification 

•  Waste  pyrolysis  (municipal,  medical,  asbestos, 

•  Glass  melting 

tires,  hazardous/toxic,  low-level  radioactive) 
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3  Research  Plan 


General 

This  research  program  investigated  the  feasibility  of  the  development  of  a  mobile 
Plasma  Asbestos  Pyrolysis  System  (PAPS)  for  the  processing  and  disposal  of 
asbestos-containing  materials  (ACM).  The  research  tasks  addressed  the  issues 
necessary  for  providing  basic  design  criteria  for  a  protot5rpe  PAPS.  The  CPAR  Phase 
1  program  established  that  the  plasma  arc  technology  was  appropriate  for  pure 
asbestos  material.  The  evaluation  for  ACM  processing  was  performed  under  this 
CPAR  Phase  2  program. 


Research  Tasks 

The  major  research  tasks  for  this  phase  involved  the  following  action  items: 

1.  The  improvement  of  the  operational  functions  of  the  Plasma  Applications 
Research  Facility  (PARF)  at  Georgia  Tech.  This  would  consist  of  establishing 
plasma  systems  and  furnaces  that  can  be  used  in  the  experimental  asbestos 
vitrification  program. 

2.  The  testing  of  ACM  in  a  plasma  arc  reactor  processing  system. 

3.  The  analysis  of  the  processed  ACM  product  and  the  offgas  from  the  process. 

4.  The  determination  of  the  Federal,  State,  and  local  regulatory  requirements 
necessary  to  conduct  the  experimental  program. 

5.  The  ACM  will  be  provided  by  an  industry  partner  and  controlled  by  approved 
regulatory  compliance. 

6.  The  experimental  process  will  evaluate  the  asbestos  handling  and  safety 
procedures,  the  feeding  and  extraction  processes,  the  plasma  arc  torch 
operation,  the  auxiliary  equipment  requirements,  the  offgas  effluents,  and  the 
processed  products. 

7.  An  economic  analysis  will  be  conducted  to  evaluate  the  cost-effectiveness  of  a 
PAPS  prototype. 
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8.  A  final  report  will  detail  the  results  of  the  experimental  testing  program  and 
the  development  of  the  PAPS  basic  design  criteria. 

9.  Technology  transfer  initiatives  within  the  DOD  will  be  fully  supported  by 
USACERL,  Georgia  Tech,  and  the  industry  partners. 


Test  Facilities 

The  primary  experimental  testing  was  conducted  at  the  Georgia  Tech  Plasma 
Applications  Research  Facility  (PARF)  in  Atlanta,  GA  (Figure  1).  The  PARF 
contains  two  plasma  heating  systems:  a  100  kW  and  a  240  kW  plasma  heating 
system  (PHS)  both  built  by  Plasma  Energy  Corporation  (PEC).  A  insertion-plunger 
furnace  with  a  semi-batch  feeding  system,  was  designed  for  the  lOOkw  PHS  and 
fabricated  by  Plasma  Technology  Corporation  for  use  on  this  program  (Figure  2). 
The  GTRI  staff  modified  the  unit  to  accommodate  easier  extraction  and  removal  of 
the  processed  product.  The  original  design  for  the  graphite  crucible  was  also 
modified  to  insert  thermocouples  and  allow  a  larger  quantity  of  ACM  to  be  fed  into 
the  furnace  during  each  test  (Figure  3). 


Asbestos-Containing  Material  (ACM)  Test  Samples 


This  experimental  program  consisted  of  tests  using  various  types  of  ACM,  as  follows: 
floor  tile  (two  types),  transite  wall  board  (1  type),  and  roofing  material  (1  type). 
These  samples  represent  the  most  difficult  ACM  materials  to  destroy  due  to  the 
highly  bonded  character  of  the  materials  (floor  tile  and  transite)  or  the  high 
hydrocarbon  content  of  the  material  (roofing).  These  samples  were  obtained  by 
Winter  Environmental  Services,  Inc.  (WESI)  from  their  asbestos  abatement  projects 
of  commercial  facilities  being  renovated  or  demolished. 
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Figure  3.  Reactor  crucible  with  thermocouple  locations. 
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4  Experimental  Procedures 


Sequence  of  Experimental  Activities. 

1.  Develop  a  test  plan  and  set  up  a  schedule  for  conducting  each  experiment. 

2.  Establish  plasma  processing  system  specifications  and  design  changes  as 
appropriate. 

3.  Reconfigure  and  modify  the  plasma  processing  system  as  required. 

4.  Evaluate  regulatory  compliance  procedures. 

5.  Obtain  the  sample  material;  document  and  analyze  as  required. 

6.  Package  the  sample  material  for  processing  (size,  shape,  container,  etc). 

7.  Prepare  the  plasma  processing  equipment  for  the  experiments. 

a.  Inspect  and  replace  the  plasma  torch  electrodes,  as  needed. 

b.  Inspect  and  replace  the  plasma  torch  o-rings,  as  needed. 

c.  Prepare  the  offgas  system  for  the  tests. 

d.  Prepare  the  plasma  reactor/furnace  for  the  tests. 

8.  Set  up  the  thermal  measurement  instrumentation  equipment. 

9.  Activate  the  plasma  heating  system  (PHS),  consistent  with  the  operating 
procedures. 

10.  Preheat  the  reactor/fumace  to  the  predetermined  temperature. 

11.  Feed  the  test  materials  into  the  reactor/fumace  as  required  by  the  test  plan. 

12.  Following  completion  of  the  tests,  implement  the  shutdown  procedures  for  the 
PHS,  consistent  with  operating  procedures. 

13.  After  the  furnace  cools  to  a  safe  thermal  condition,  open  the  furnace  and 
remove  the  processed  product  for  analysis. 

14.  Perform  appropriate  analyses  on  the  processed  product  and  gas  samples  as 
required  by  the  test  plan. 

15.  Clean  and  inspect  the  system  in  preparation  for  the  next  test. 


Sample  Preparation  and  Handling 


Winter  Environmental  Services,  Inc.  prepared  the  ACM  samples  from  materials 
removed  from  ongoing  abatement  projects.  The  ACM  materials  were  identified, 
categorized,  weighed,  and  then  packed  into  canisters.  The  canisters  are  3-in. 
diameter,  thin  gauge,  carbon  steel  containers,  sealed  with  duct  tape.  Each  canister 
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Figure  4.  ACM  Canister  packing,  Rocky  Mountain  Arsenai  (RMA). 


was  8.5  in.  long  (Figure  4).  Total  canister  weight  was  determined  at  the  conclusion 
of  packing.  The  canisters  were  labeled  for  identification.  Winter  Environmental 
Services  handled  the  sample  injection  into  the  reactor. 


Thermocouple  Locations 

Four  thermocouples  were  embedded  in  the  graphite  crucible  (Figure  3).  The  location 
of  the  thermocouples  was  half  the  distance  from  the  bottom  of  the  crucible  to  the 
lower  mounting  plate.  One  thermocouple  was  located  at  the  center  of  the  crucible. 
The  three  perimeter  thermocouples  were  located  half  the  distance  from  center  point 
to  the  edge  of  the  crucible  at  120  degree  angles.  Two  additional  thermocouples  were 
located  in  the  graphite  wall  of  the  reactor  vessel,  to  be  used  as  reference  tempera¬ 
tures. 


Start-Up  Procedure 

The  first  step  in  the  start-up  procedure  was  the  preparation,  calibration,  and 
alignment  of  the  experimental  apparatus.  These  procedures  included  the 
preparation  of  cascade  impactor  collection  substrates,  calibration  of  the  cascade 
impactor  sampling  pump,  continuity  checks  of  thermocouples,  alignment  and 
focusing  of  the  pyrometer  and  video  camera,  calibration  of  the  vacuum  manometer. 
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3.nd  w6ighing/loading  of  the  iron  into  the  crucible  for  the  molten  metal  bath,  when 
required. 

The  plasma  torch  and  furnace  systems  were  next  prepared  for  operation.  Facility 
ventilation  fans  and  the  reactor  exhaust  fan  were  turned  on.  The  packed  bed 
scrubber  system  began  operation.  The  plasma  cooling  water  manifold  was  opened 
and  the  cooling  water  pump  was  activated;  the  water  pressure  and  flow-rates  were 
checked.  The  air  compressor  for  the  plasma  gas  was  turned  on.  The  power  supply 
was  checked  for  proper  operation  and  the  plasma  torch  was  turned  on.  Torch 
operating  data  and  water  temperature  data  were  recorded. 


Preheat  Procedure 

The  preheat  phase  duration  was  determined  by  the  temperature  of  the  central 
thermocouple  which  was  embedded  3  in.  below  the  bottom  of  the  graphite  crucible. 
When  the  thermocouple  reached  1,000  °C,  the  canisters  began  to  be  fed  into  the 
furnace.  The  preheat  phase  was  performed  to  allow  the  furnace  to  reach  steady 
state  conditions  approximating  an  industrial  furnace  operation. 


Plasma  Torch  Operations 

The  plasma  torch  was  operational  in  the  furnace  at  heights  ranging  from  9  to  15  in. 
above  the  bottom  of  the  crucible.  During  processing,  the  height  was  adjusted  to  a 
level  of  12  in.  for  normal  operation. 


Furnace  System  Pressure 

During  the  experiments  a  negative  pressure  was  applied  to  the  furnace  from  the 
offgas  scrubber  unit.  The  negative  pressure  was  maintained  at  an  average  of  3  to 
4  in.  of  water. 


Processing  Time 

The  processing  time  allowed  for  each  canister  loaded  into  the  furnace  averaged 
around  5  minutes.  A  visual  view  of  the  melting  process  was  provided  by  a  video 
display  during  the  testing.  Observation  of  the  thermal  heating  of  the  material  was 
a  guide  to  the  feeding  time  interval. 
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5  Test  Results 


CPAR  Experimental  Data 

Four  experiments  were  conducted  on  the  ACM  provided  by  WESI  from  commercial 
sites.  The  samples  consisted  of  floor  tile  (2  types),  transite  wall  board  (1  type),  and 
roofing  material  (1  type).  ACM  samples  were  selected  as  representative  of  the  more 
difficult  material  to  destroy  due  to  the  highly  bonded  character  of  the  (transite  and 
flooring)  material  and  the  high  carbon  content  of  the  (roofing)  material.  Table  3  lists 
specific  information  on  each  of  the  ACM  samples  used  in  the  experiments. 

Table  4  lists  the  test  conditions  and  results  of  the  four  experiments.  The  results 
given  are  for  the  sample  parameters,  operational  system  data,  exhaust  analysis,  and 
product  analysis  with  the  recovery  fraction  indicated.  The  experiments  used  a 
preheated  procedure  with  and  without  a  steel  preloaded  molten  bath.  A  minimum 
temperature  was  set  for  1000“  C  at  the  bottom  center  of  the  crucible  as  determined 
by  thermocouple  temperatures.  The  ACM  canisters  were  fed  into  the  crucible  at 
approximately  5-minute  intervals.  A  cascade  impactor  sample  collection  and 
Draeger  tube  measxirements  were  made  during  the  ACM  canister  feed  period.  The 
heating  time  between  samples  was  determined  by  visual  observation  of  the  melt 
zone  with  the  video  camera. 

Cascade  Impactor. 

The  Andersen  1  ACFM  Non- Viable  Ambient  Particle  Sizing  Sampler  is  a  multi¬ 
stage,  multi-orifice  cascade  impactor  normally  used  in  the  environmental  working 
areas  to  measmre  the  size  distribution  and  total  concentration  levels  of  all  liquid  and 
solid  particulate  matter. 


Table  3.  ACM  sample  information. 


Experiment 

Sampie  Type 

No.  of  Canisters 

ACM  Weiaht  (ams) 

CPAR  - 1 

Floor  tile 

3 

2,141 

CPAR  -  2 

Transits  panel 

5 

2,240 

CPAR  -  3 

Roofing  tile 

6 

3,120 

CPAR  -  4 

Floor  tile 

6 

2,716 
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Table  4.  CPAR  experimental  test  data. 


CPAR-1 

CPAR-2 

CPAR-3 

CPAR-4 

Torch/system  conditions 

steel  melt  (g) 

2220 

3330 

None 

None 

Vacuum  (in.  of  water) 

3.5 

3.0 

4.0 

3.5 

Torch  height  above  crucible: 

Preheat 

Processing 

15" 

12"-9"-12" 

9” 

12" 

15" 

12"-9" 

9" 

12"-9" 

Avg.  Power  (kW) 

76.3 

87.5 

86.3 

86.5 

Average  Torch  pressure  (PSI) 

53.9 

50.5 

53.1 

59,7 

Sample  Parameters 

Number  of  Canisters 

3 

5 

6 

6 

Sample  Type 

floor  tile 

transite  panel 

roofing  tile 

floor  tile 

ACM  weight  (g) 

2141 

2240 

3120 

2716 

Total  weight  (g) 

2600 

3744 

3949 

3562 

Operational  data 

Preheat  time  (min) 

60 

45 

42 

42 

Processing  time  (min) 

15 

24 

30 

30 

Post-processing  time  (min) 

28 

0 

13 

18 

Total  heating  time  (min) 

103 

69 

85 

90 

Max.  process  temp,  (deg  C) 

1804 

1843 

2260 

1985 

Min.  Process  temp,  (deg  C) 

1539 

1615 

1510 

1425 

Final  melt  temp.  (°C) 

942 

942 

1326 

948 

Max.  thermocouple  (°C) 

3450 

1120 

>5000 

>5000 

Exhaust  analysis 

NOx 

>5000ppm 

>5000ppm 

>5000ppm 

>5000ppm 

CO 

lOOOppm 

300-500ppm 

1 OOppm 

>3000ppm* 

HF 

<1 .5ppm 

n/a 

n/a 

>7.5ppm 

HjS 

<1.0ppm 

n/a 

<2.0ppm 

<1.0ppm 

Product  analysis 

Product  weight  (g): 

Crucible 

Wall 

Lid 

Total 

4198 

367 

0 

4565 

'  5569 

1431 

150 

7150 

2322 

715 

148 

3185 

2208 

206 

M 

2458 

Recovery  fraction 

0.947 

1.011 

0.807 

0.690 

*  Suspect  data  point. 
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The  Andersen  Non-Viable  Ambient  Sampler  was  calibrated  with  unit  density 
(1  g/cm®)  spherical  particles  so  that  all  particles  collected,  regardless  of  their  physical 
size,  shape,  or  density  are  sized  aerodynamically  equivalent  to  the  reference 
particles.  In  this  manner,  the  aerodynamic  dimensions  obtained  in  the  workplace 
can  be  used  to  determine: 

1.  Probable  point  of  respiratory  deposition 

2.  Particle  behavior  in  the  air 

3.  Type  of  control  equipment  needed  to  collect  the  particles 

4.  Compliance  with  existing  Threshold  Limit  Values  and  OSHA  Regulations. 

A  brief  description  of  the  operation  of  the  sampling  equipment  follows: 

1.  Ambient  gases  enter  the  inlet  cone  and  cascade  through  the  succeeding  orifice 
stages  with  successively  higher  orifice  velocities  from  Stage  0  to  Stage  7. 
Successively  smaller  particles  are  inertially  impacted  onto  the  collection  plates. 
The  submicrometer  particles  not  collected  by  the  last  collection  plate  are 
caught  in  the  backup  filter,  which  is  an  integral  part  of  the  impactor  immedi¬ 
ately  downstream  from  Stage  7.  Stage  0  is  an  orifice  stage  only.  Stage  8  is  a 
collection  stage  only. 

2.  The  clean  gases  are  carried  through  the  vacuum  tube  and  through  the  pump 
and  are  then  exhausted. 

3.  A  constant  air  sample  flow  of  1  ACFM  is  provided  by  a  continuous  duty, 
carbon-vane  vacuum  pump.  Flow  rate  through  the  impactor  is  controlled  by 
an  adjustable  bleed  valve  on  the  pump,  which  requires  periodic  calibration. 

4.  After  sampling  is  completed,  the  sample  time  is  recorded  and  the  tared 
collection  plates  and  backup  filter  are  removed  for  subsequent  gravimetric 
and/or  chemical  determination. 

5.  Concentration  levels  are  determined  and  the  size  distribution  is  plotted.  At 
this  point,  the  working  environment  can  be  assessed. 

Data  Analysis  and  Observations. 

Analysis  of  the  experimental  data  presented  in  Table  4  and  in  the  attached 
appendices  provides  the  basis  for  several  observations  and  conclusions: 

1.  All  asbestos-containing  materials  (ACM)  which  were  subjected  to  temperatures 
above  1,000°C  were  rendered  nonhazardous  by  melting  the  asbestos  fibers, 
pyrolyzing  the  organic  material,  and  immobilizing  the  remaining  contami¬ 
nants,  such  as  heavy  metals,  in  the  vitrified  residue. 
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2. 


3. 


4. 


5. 


6. 


7. 


8. 


The  molten  metal  bath  used  during  processing  in  general  reduces  exhaust  gas 
particle  loading,  and  specifically  suppresses  the  release  of  larger  particles  (>10 
microns)  into  the  exhaust  gas  stream.  This  observation  is  consistent  with 
previous  experiments  (Appendix  C). 

The  CPAK-2  cascade  impactor  data  shows  negative  values  due  to  poor 
experimental  procedure  (Appendix  C).  Note  the  reduction  of  particle  loading 
from  experiment  CPAR-1  to  CPAR-2.  The  cause  of  the  reduced  particle  loading 
to  the  exhaust  is  uncertain  since  both  the  amount  of  steel  in  the  crucible  was 
increased,  and  the  ACM  input  material  was  changed. 

High  hydrocarbon  content  ACM  materials  (roof  tile  of  CPAR-3)  evolved  high 
concentrations  of  elemental  carbon  soot  due  to  the  overall  reducing  environ¬ 
ment.  This  unexpected  evolution  of  soot  caused  an  overloading  of  the  cascade 
impactor,  invalidating  the  CPAR-3  particle  sample  gathered  for  that  experi¬ 
ment. 

Electron  absorption  elemental  analysis  conducted  during  scanning  electron 
microscopy  (SEM)  analysis  of  the  particulate  matter  collected  in  the  cascade 
impactor  revealed  that  the  components  of  the  particulate  matter  were  similar , 
but  the  ratio  of  components  varied  (Appendix  D).  Elemental  mapping  (analysis 
not  included)  revealed  that  stdfiir  and  chlorine  were  the  major  anions  of  the 
metal  salts  (white  structiu'es)  seen  in  SEM  photographs  (Figure  5).  The  metal 
salts  in  CPAR-4  were  almost  exclusively  metal-chloride  crystals,  which  is 
validated  by  the  high  chlorine  fraction  seen  in  the  electron  adsorption  data. 
The  NOx  concentration  in  the  exhaust  gas  stream  was  greater  than  5000  ppm 
dming  all  experimental  runs.  The  CO  concentration  varied  between  100  and 
1000  ppm.  One  observation  recorded  a  CO  concentration  greater  than  3000 
ppm.  (This  CO  data  point  is  suspect.) 

The  average  surface  temperature  of  the  product  in  the  crucible  during 
processing  was  greater  than  1700°C,  as  measured  by  an  optical  p3rrometer 
(Appendix  E).  The  average  surface  temperatures  by  experiment  were: 


CPAR-1  1700°C 

CPAR-2  1800°C 

CPAR-3  1900°C 

CPAR-4  1850°C. 


The  final  product  temperature,  immediately  after  the  plasma  torch  was  tinned 
off,  was  approximately  940°C.  The  final  product  temperature  for  CPAR-3  was 
1320°C.  The  postulated  reason  for  the  difference  was  due  to  quartz  roofing 
gravel  present  in  CPAR-3  that  increased  silicon  content  of  the  product,  and 
consequently  the  heat  capacity  of  the  product  (Appendix  F). 
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Figure  5.  Crystals  collected  in  cascade  impactor. 


9.  The  plasma  gas  interferes  with  the  optical  pyrometer  readings  as  noted  in  the 
difference  in  the  thermocouple  data  and  pyrometer  data  (Appendix  G).  As  can 
be  seen  from  the  data  shown  in  Appendix  G,  the  thermocouple  and  pyrometer 
data  for  CPAR-2  at  torch  shutdown  are  very  close.  The  Type  C  thermocouples 
used  in  these  experiments  are  considered  valid  only  to  2,350  °C.  Therefore, 
readings  above  this  temperature  should  not  be  used  as  valid  data  points. 

10.  Thermocouple  data  show  that  CPAR-1  and  CPAR-4  experienced  cool  spots  in 
the  reactor  (Appendix  H).  CPAR-1  was  run  using  an  older  electrode,  which 
resulted  in  an  off  center  plasma  aimed  to  one  side  of  the  crucible.  The  torch 
was  also  off  center  on  CPAR-4,  causing  a  cool  spot  in  the  reactor.  The  reactor 
however  was  still  able  to  reach  processing  temperatures.  Subsequent 
observation  of  the  crucible  revealed  what  appeared  to  be  unprocessed  ACM. 
SEM  analysis  specifically  investigated  these  “unprocessed”  ACM  particles, 
which  revealed  that  the  particles  had  in  fact  decomposed  (Appendix  I). 

11.  Appendix  J  includes  the  detailed  experimental  data  comparing  torch  power 
levels  and  plasma  gas  pressures  reported  in  Table  4.  No  correlation  was 
indicated  between  torch  power  and  product  processing  temperature. 
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Rocky  Mountain  Arsenal  Experimental  Data 

In  1993-94,  a  series  of  ACM  destruction  and  vitrification  experiments  were 
conducted  on  contaminated  ACM  from  Rocky  Mountain  Arsenal  (RMA)  (18). 
Selected  data  contained  in  the  RMA  experiments  are  directly  pertinent  to  the  data 
requirements  in  this  CPAR  experimental  program.  Therefore,  applicable  data  on 
the  RMA  experiments  are  provided  in  this  report  to  augment  the  CPAR  experimen¬ 
tal  data  for  the  following  reasons: 

1.  The  RMA  experiments  involved  several  types  of  asbestos-containing  materials 
(ACM)  different  from  those  used  in  the  CPAR  tests,  permitting  a  more 
comprehensive  list  of  ACM  types  to  be  examined. 

2.  The  experimental  setups  in  both  studies  were  similar,  permitting  direct 
comparisons  of  data. 

3.  The  RMA  experiments  formed  the  basis  for  the  preliminary  design  of  a 
stationary  1  ton  per  hour  prototype  plasma  ACM  vitrification  system.  This 
size  is  consistent  with  a  PAPS  prototype  unit,  and  provided  useful  background 
information  for  the  development  of  a  mobile  PAPS. 

Eight  vitrification  experiments  were  conducted  with  ACM  from  Rocky  Mountain 
Arsenal  asbestos  abatement  projects.  The  ACM  description  provided  by  Rocky 
Mountain  Arsenal  showed  three  basic  ACM  t5q)es:  loose  tank/pipeline  insulation, 
bonded  transite  and  plasters,  and  sealing  materials.  Table  5  lists  the  general 
canister  composition  for  each  experiment;  Appendix  K  provides  detailed  individual 
canister  data.  The  first  four  experiments  (TS-1  through  TS-4)  were  tests  to  set 
operational  parameters  and  establish  the  methodologies  for  sampling  efforts.  The 
final  four  experiments  (FT-1  through  FT-4)  were  the  primary  data  collection  effort 
with  detailed  gas  analysis,  provided  by  Geraghty  &  Miller,  Inc.,  supplementing  the 
analysis  previously  established  in  the  preliminary  tests. 

The  operational  parameters  were  controlled  to  conduct  the  experiments  such  that 
the  ACM  was  completely  vitrified,  while  minimizing  asbestos  entrainment  in  the 
offgas.  To  achieve  this  end,  the  torch  height  above  the  ACM  and  torch  power  were 
maximized  during  processing,  while  carrier  gas  pressure/flow  and  system  vacuum 
were  minimized.  Additionally,  several  tests  were  made  with  a  molten  metal  bath 
in  the  crucible  prior  to  injection  of  the  RMA  asbestos  samples. 

The  15  ACM  samples  from  Rocky  Mountain  Arsenal  were  grouped  into  eight 
experiments  and  volumetrically  packed  into  a  minimum  number  of  3-in.  diameter 
and  8-in.  long  canisters  and  sealed  with  duct  tape  (Figure  4). 
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RMA  Experimental  Test  Data 

Table  6  lists  operational  data  from  the  RMA  experiments. 

Several  observations  were  made  governing  the  physical  operation  of  the  plasma 
vitrification  unit.  Splashing  of  the  melted  material  in  the  crucible  became  evident 
due  to  a  combination  of  a  torch  height  that  was  too  low  and  a  plasma  gas  pressure 
that  was  too  high.  This  resulted  in  unvitrified  material  being  blown  away  from  the 
plasma  torch.  In  addition,  molten  material  hardened  in  the  valve/plunger  assembly, 
making  operation  of  these  pieces  difficult.  The  reduction  of  the  carrier  gas  pressure 
appeared  not  only  to  reduce  splashing,  but  also  was  somewhat  effective  in  reducing 
the  particle  loading  into  the  exhaust  stream.  The  reduction  of  the  system  vacuiun 
from  0.02  atmospheres  to  less  than  0.01  atmospheres  was  also  effective  in  the 
reduction  of  the  particle  loading  to  the  exhaust  gas  stream.  The  use  of  a  molten 
metal  bath  appeared  to  be  useful  in  attenuating  the  formation  of  larger  particles  (> 
10  microns  diameter)  in  the  exhaust  stream.  The  molten  bath  did  not  appear  to 
have  an  advantageous  effect  on  the  ability  to  more  rapidly  process  ACM,  reach  a 
higher  level  of  asbestos  destruction,  or  provide  better  vitrified  material  physicsd 
characteristics. 

The  view  port  supporting  the  process  video  recording  became  severely  pitted  by 
molten  metal  particles  that  limited  the  quality  of  the  process  documentation  in 
subsequent  experiments.  Deposition  of  particles  onto  the  view  port  lens  was  also  a 
problem  during  one  experiment,  causing  a  substantial  degradation  of  video  quality. 
The  graphite  release  paint  used  on  the  interior  crucible  surfaces  substantially 
decreased  the  erosion  of  the  graphite  crucible,  while  simultaneously  allowing  the 
vitrified  product  to  be  easily  removed  (Figure  6). 


Table  5.  ACM  canister  data. 


ACM  Input 

Test  Run 

Number 

Canisters 

Total  Weight 
(g) 

Percent 

ACM 

VOCs 

(ppm) 

Composition 

TS-1 

5 

1693 

61 

1174 

Tank  covering 

TS-2 

10 

3284 

58 

148 

Pipeline/tank  covering 

TS-3 

5 

2160 

68 

29 

Tank  covering  +  sealing  material 

TS-4 

3 

2090 

82 

1173 

Tank/pipeline/wall  covering 

FT-1 

3 

1327 

72 

20 

Tank/pipeline/wall  covering 

FT-2 

i  2 

1376 

83 

1983 

Tank  covering  +  transite  flooring 

FT-3 

4 

2487 

81 

206 

Wall  mastic  +  tar  +  tank  covering 

FT-4 

3 

1272 

70 

? 

Tank  covering 
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Process  Variable 

Test 

Warm  Up 

Process 

Post- 

Process 

Max 

Temo  (®C) 

No. 

Canisters 

Torch 
Heiaht  (in.) 

Vacuum 

(Atm) 

TS-1 

25  min 

25  min 

14  min 

>2200 

5 

12 

0.021 

TS-2 

35  min 

50  min 

5  min 

>2200 

10 

15 

0.022 

TS-3 

45  min 

25  min 

21  min 

>2200 

5 

15-12 

0.021 

TS-4 

40  min 

15  min 

12  min 

>2200 

3 

15-12-15 

0.032 

FT-1 

53  min 

15  min 

10  min 

1100 

3 

15 

0.009 

FT-2 

32  min 

10  min 

11  min 

>2200 

2 

15 

0.006 

FT-3 

49  min 

20  min 

11  min 

1600 

4 

15-12 

0.006 

FT-4 

55  min 

15  min 

1  min 

1500 

3 

15 

0.006 

Vitrified  ACM  Product 

Visual  Assessment  of  ACM  Product 

Th6  visufll  ass6ssni6nt  of  tho  vitrifiod  ACIVI  product  found  an  unovonly  disporsod 
material  that  was  once  a  molten  mass.  This  vitrified  mass  contained  predominantly 
dark  material  in  the  center  of  the  crucible,  with  light  colored  material  splashed  on 
the  crucible  walls  (Figure  6).  Initial  speculation  suggested  that  the  light  colored 
material  may  have  contained  friable  asbestos,  which  was  disproved  during  SEM 
analysis.  As  the  vitrified  ACM  was  removed  fi-om  the  crucible,  it  was  noted  that  the 
material  crumbled  easily.  No  tests  were  performed  on  the  vitrified  ACM  to 
determine  its  use  as  a  construction  material. 

Scanning  Electron  Microscope  (SEM)  Analysis 

The  SEM  analysis  of  the  vitrified  ACM  product  revealed  a  similarity  of  physical 
appearance,  with  a  variation  in  color  (light/dark)  due  to  the  inclusion  of  air  bubbles. 
SEM  micrographs  showed  that  the  darker  colored  vitrified  material  (Figime  7) 
contained  fewer  air  bubbles  than  the  lighter  colored  vitrified  material  (Figure  8). 

In  over  20  hours  of  SEM  analysis,  only  one  suspect  asbestos  fiber  group  was  noted 
(Figure  9).  This  fibrous  inclusion  in  the  vitrified  material  was  fotmd  diiring  the  first 
asbestos  experiment  (TS-1)  and  was  not  noted  in  any  subsequent  experiment. 
Changes  in  operational  procedures  during  subsequent  experiments  resulted  in  no 
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Figure  6.  Crucible  containing  vitrified  ACM  from  RMA. 


further  asbestos  fibers  found  in  the  vitrified  material.  Electron  absorption  analysis 
of  this  particle  indicated  high  levels  of  magnesium  and  silicon,  which  is  indicative 
of  chrysotile  asbestos  or  its  product  of  decomposition:  forsterite  (Appendix  L). 

Also  evident  in  the  SEM  micrographs  is  the  inclusion  of  iron  crystals  in  the  vitrified 
product,  which  are  the  direct  result  of  the  metal  canisters  and  molten  metal  baths 
used  in  the  conduct  of  this  experiment  (Figure  10).  The  high  iron  content  areas 
made  elemental  analysis  more  difficult  and  less  representative  of  the  actual 
decomposition  of  the  ACM.  Electron  absorption  analysis  of  these  two  numbered 
spots  on  Figure  10  shows  this  iron  interference  (Appendix  M). 

Electron  Absorption  (EA)  Analysis 

The  EA  analysis  of  the  vitrified  product  revealed  general  trends  in  its  composition. 
Silicon  was  the  most  abundant  component  (ignoring  iron)  in  the  vitrified  mass 
followed  by  calcium,  alumimun,  potassium,  magnesium,  and  sodimn.  The  presence 
of  magnesium  and  part  of  the  silicon  were  due  to  the  asbestos  decomposition;  the 
other  elements  were  associated  with  the  binder  materials  and  adhesives.  The 
elemental  composition  of  the  vitrified  product  appeared  to  be  heterogeneously 
dispersed  in  the  melt  since  the  proportions  of  elements  changed  within  the  same 
sample. 
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Toxicity  Characteristic  Leaching  Procedure  (TCLP)  Anaiysis 

The  TCLP  analysis  of  the  vitrified  product  revealed  no  significant  leaching  of  any 
hazardous  compound  of  interest  to  the  USEPA.  All  compounds  screened  in  the 
TCLP  were  below  the  detection  limits  for  the  test.  The  detection  limits  for  all  TCLP 
compounds  are  set  at  or  below  the  USEPA  hazard  threshold. 


Exhaust  Particulate  Matter 
Gravimetric  Anaiysis 

According  to  the  operating  manual  for  the  cascade  impactor,  10  milligrams  of 
particulate  matter  on  any  collection  substrate  represents  an  approximate  upper 
limit  because  of  re-entrainment  problems.  The  manual  further  qualifies  this  by 
asserting  that  over-sampling  can  be  visually  determined.  Instead  of  having  well 
defined,  discrete  piles  of  particles,  trails  of  particles  can  be  seen  leading  from  the 
sample  deposits  toward  the  periphery  of  the  plate  (19).  Although  each  experiment 
had  at  least  one  section  that  exceeded  the  10  mg  limit,  visual  inspection  of  the 
collection  substrates  used  in  this  experiment  indicate  only  one  experimental  run 
where  over-sampling  was  a  problem.  Inspection  of  Sample  FT-3  noted  the  formation 
of  stalagmites  in  sections  6,  7  and  8  that  were  toppled,  but  caught  in  the  silicone 
spray  in  that  same  section.  The  liberal  use  of  the  silicon  spray  was  noted  during  the 
SEM  analysis  to  rise  by  capillary  action  between  particles  preventing  re-entrain¬ 
ment  of  particles.  It  will  be  assumed  that  re-entrainment  was  not  a  significant 
problem  during  the  conduct  of  these  experiments.  Particulate  data  for  experiment 
TS-4  was  lost  due  to  a  system  failure,  and  are  therefore  not  presented. 

The  bar  chart  shown  in  Figure  11  depicts  the  total  mass  of  particles  released  into 
the  exhaust  gas  stream  divided  by  the  mass  of  ACM  input  into  the  reactor  during 
the  experimental  run.  The  results  for  the  later  FT  experiments  show  fairly 
consistent  mass  loading  from  the  vitrification  process  to  the  emission  control  system 
of  0.01  percent.  Since  ACM  type  changed  for  each  FT  experiment,  this  indicated 
that  particle  loading  to  a  particle  control  device  can  be  assessed  based  on  ACM 
input,  without  regard  for  ACM  t3q)e.  In  other  words,  an  ACM  input  of  1  ton  (2000 
lb)  can  be  expected  to  generate  approximately  0.2  lb  of  particulate  matter  in  the 
exhaust.  The  USEPA  considers  two  types  of  exhaust  particles;  therefore  both  are 
reported:  all  particles  in  the  exhaust  stream  called  “total  suspended  particles  (TSP)” 
and  “particles  less  than  10  microns  in  diameter  (PM-10). 
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The  next  analysis  of  the  impactor  data  centers  on  the  particle  size  distribution 
(PSD).  An  examination  of  the  gravimetric  analysis  data  indicates  a  bimodal 
distribution  of  particles,  with  one  mode  centered  in  the  0.4  micron  range  and  the 
other  mode  larger  than  10  microns,  as  can  be  seen  in  the  representative  PSD 
reported  (Figure  12).  The  existence  of  a  bimodal  size  distribution  suggests  two 
mechanisms  of  particle  formation.  It  is  believed  that  the  larger  sized  particles  were 
the  result  of  the  initial  fragmentation  of  the  ACM  samples,  and  the  smaller  particles 
were  the  result  of  vaporization  and  nucleation  of  processed  material.  The  use  of  a 
molten  metal  pool  inhibited  the  initial  fragmentation  of  the  ACM  sample,  thereby 
reducing  the  formation  of  the  larger  particles  (Figure  13).  The  tightly  bound  ACM 
materials  (mastic,  plasters,  and  sealing  materials)  also  served  to  reduce  the  initial 
fragmentation  of  the  ACM  sample,  thereby  reducing  the  formation  of  larger  particles 
(Figure  14). 

The  gravimetric  data  was  plotted  on  Log-Normal  Probability  paper  to  define  the 
geometric  mean  and  standard  deviation  of  the  data.  Table  7  lists  the  geometric 
mean  particle  diameter  and  geometric  standard  deviation.  Since  insufficient  data 
was  collected  in  the  size  range  greater  than  10  microns  to  characterize  the  mean  size 
and  standard  deviation  of  that  particle  generation  mode,  a  geometric  mean  and 
standard  deviation  analysis  was  conducted  only  on  the  smaller  mode,  which 
corresponds  to  particulate  matter  less  than  10  microns  in  diameter  (PM-10).  Note 
that  the  data  reported  in  Table  7  will  be  somewhat  greater  than  actual  values  for 
the  smaller  mode  since  the  tail  of  the  large  particle  mode  extends  into  the  smaller 
particle  mode. 


Figure  11.  Total  mass  collected  versus  ACM  input. 


Mass/Bin  Width 


Figure  12.  Experiment  TS-1. 


0.14  ^ 


Figure  13.  Experiment  FT-1. 


Figure  14.  Experiment  FT-3. 
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An  analysis  of  the  data  in  Table  7  shows  a  wide  Table  7.  Geometric  mean  and  standard 
variation  in  means  and  standard  deviations. 

This  variation  is  believed  to  be  due  to  a  combi¬ 
nation  of  operational  parameters,  ACM  composi¬ 
tion,  and  the  use  of  a  molten  metal  bath  in  two 
experiments.  Tests  FT-1  and  FT-4  used  a  metal 
melt,  which  inhibited  the  initial  fragmentation 
(large  particle  formation  mode)  of  the  ACM 
sample  as  shown  by  the  mass  collected  in  the 
preseparator  (Table  8).  The  suppression  of  the 
large  mode  formation  mechanism  results  in  a 
lower  standard  deviation  for  the  small  mode 
particle  distribution.  Tests  TS-3,  FT-2,  and  FT-3  also  showed  mean  values  similar 
to  those  obtained  using  a  molten  metal  bath.  This  skewing  of  the  mean  to  smaller 
values  is  believed  to  be  due  to  the  rigid/adhesive  binder  used  in  the  ACM,  which 
retards  the  initial  particle  fragmentation. 

To  assess  the  impact  of  the  reactor/furnace  and  the  sampling  system  additions  to  the 
mass  collected  on  each  substrate,  a  cascade  impactor  test  was  made  during  the 
warm-up  phase  of  Experiment  FT-2.  Table  9  gives  data  for  the  blank  and  processing 
runs  of  this  experiment  that  show  a  maximum  of  approximately  Tpercent  of  the 
collected  mass  from  system  additions,  suggesting  that  the  data  collected  during  each 
sampling  run  has  a  precision  less  than  the  five  significant  figures  collected  in  the 
raw  data. 

Exhaust  Gas  Analysis 

The  gas  analysis  performed  by  Geraghty  &  Miller  focused  on  the  determination  of 
the  exhaust  flow  rate  and  the  exhaust  concentrations  of  oxygen  (O2),  carbon  dioxide 
(CO2),  sulfur  dioxide  (SO2),  nitrogen  oxides  (NOx),  carbon  monoxide  (CO),  and  total 


Table  8.  Large  mode  analysis  data. 


Experiment 

Preseparator  Mass 

Melt  Bath 

ACM  Sample  Composition 

TS-1 

0.2441 8  g 

_ 

Tank  covering 

TS-2 

0.10335  g 

_ 

Pipeline/tank  covering 

TS-3 

0.26094  g 

_ 

Tank  covering  +  sealing  material 

FT-1 

0.00674  g 

Metal 

Tank/pipeline/wall  covering 

FT-2 

0.03696  g 

Tank  covering  +  transite  flooring 

FT-3 

0.00355  g 

_ 

Wall  mastic  +  tar  +  tank  covering 

FT-4 

'  0.00838  g 

Metal 

Tank  covering 

deviation  for  RMA  gravimetric  analysis. 


Test 

Mean  (um) 

Std  Dev  (um) 

TS-1 

2.2 

3.38 

TS-2 

2.4 

5.71 

TS-3 

1.5 

10.71 

FT-1 

1.0 

2.08 

FT-2 

1.15 

4.60 

FT-3 

0.78 

8.97 

FT-4 

1.0 

2.13 
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hydrocarbons  (THC).  The  presence  of  high 
concentrations  of  ozone  (O3)  interfered  with 
the  SO2  analyzer,  invalidating  the  collected 
SO2  data.  Table  10  summarizes  the  gas 
analysis  data. 

The  values  reported  in  the  NOx,  O2,  and 
CO2  data  collected  dvuing  experiment  FT-3 
(3-11,  3-12,  and  3-14)  and  experiment  FT-4 
(4-11,  4-12,  and  4-13)  are  much  lower  than 
the  data  collected  during  all  other  sam¬ 
pling  periods.  This  variation  of  data  from 
expected  values  is  easily  explained  by  a 
leak  in  the  sampling  train  that  allowed  a 
six  volume  dilution  of  the  sampled  gas  stream.  The  compromise  of  the  gas  sampling 
train  coincided  with  an  impromptu  experiment  on  the  effects  of  various  levels  of 
vacuum  on  NOx  generation.  Previous  manipulation  of  the  vacuum  during 
experimental  run  TS-4  resulted  in  a  similar  loss  of  cascade  impactor  data  due  to  a 
backwash  of  scrubber  water.  The  generation  of  NOx  is  a  temperature  dependent, 
free  radical  process  where  the  diatomic  oxygen  molecule  is  broken  into  two  oxygen 
free  radicals.  These  extremely  reactive  oxygen  free  radicals  are  then  able  to  attack 
the  very  stable  diatomic  nitrogen  molecular  bond,  thereby  creating  nitrogen  oxides. 
The  concentration  of  oxygen  free  radicals  increases  as  the  temperature  increases 
causing  a  proportional  increase  in  nitrogen  oxides. 

Currently  available  NOx  control  technology  (selective  catal5rtic  reduction)  can 
routinely  control  80  percent  of  the  NOx  generated  in  conventional  pombustion 
applications.  Special  emission  control  devices  may  not  be  necessary  for  plasma 
applications  due  to  two  features  of  plasma  systems.  First,  the  carrier  gas  can  be 
changed  from  air  to  hydrogen,  oxygen,  argon  or  any  other  gas  that  does  not  contain 
a  nitrogen/oxygen  mixture,  without  loss  of  processing  capability.  Without  the  two 
primary  components  of  nitrogen  oxide  being  present  in  the  plasma,  no  nitrogen 
oxide  will  be  produced  in  the  exhaust. 


Tables.  FT-2  and  blank  sample  analysis. 


Section 

FT-2  (g) 

Blank  (g) 

%  Error 

1 

0.00798 

0.00018 

2.26 

2 

0.00239 

0.00003 

1.26 

3 

0.00151 

0.00009 

5.96 

4 

0.00236 

0.0001 1 

4.66 

5 

0.00108 

0.00007 

6.48 

6 

0.00743 

0.00009 

1.21 

7 

0.013 

0.00026 

2.00 

F 

0.01309 

0.00093 

7.10 

Final  filter 

0.01173 

-0.00012 

-1.02 
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Table  10.  Gas  analysis  data. 


Test  No. 

NOx  (ppm) 

SO,<’> 

CO  (ppm) 

o,(%) 

COA%) 

THC  (ppm) 

1-11 

5,000‘=> 

N/A 

9,500 

6.5 

12.5 

>10,000 

1-I2 

3,000'^> 

N/A 

9,400 

5.0 

13.0 

>10,000 

M3 

4,300<"> 

N/A 

9,600 

5.0 

13.0 

9,500 

2-11 

4,200<®> 

N/A 

9,700 

2.0 

8.75 

No  Data 

2-12 

4,300'=' 

N/A 

9,700 

4.5 

10.0 

No  Data 

3-11 

900 

N/A 

9,300 

_ (4) 

_ {5} 

>10,000 

3-12 

600 

N/A 

9,400 

_ (^) 

_ {S) 

>10,000 

3-13 

3,400 

N/A 

9,300 

10 

9 

>10,000 

3-14 

800 

N/A 

9,300 

_ ^(4) 

_ (5) 

>10,000 

4-11 

500 

N/A 

9,300 

_ {^) 

_ (5) 

>10,000 

4-12 

600 

N/A 

9,300 

_ (4) 

_ (5) 

>10,000 

4-13 

500 

N/A 

9,300 

_ {^) 

_ ^(5) 

>10,000 

(1)  Ozone  interference  -  unable  to  calculate 

(2)  NOx  ^6vel  prior  to  injection  -  7,000  ppm 

(3)  NOx  *6vel  prior  to  injection  -  >10,000  ppm 

(4)  O2  concentrations  did  not  vary  from  ambient 

(5)  CO2  concentrations  did  not  vary  from  ambient 
ppm  =  parts  per  million 

A  second  mitigating  feature  of  plasmas  is  the  low  carrier  gas  feed  to  the  plasma. 
Although  the  exhaust  gas  stream  contains  high  concentrations  of  NOx  and  CO 
(approximately  10,000  ppm),  the  low  6.5  cfm  carrier  gas  feed  describes  an  annual 
NOx  emission  of  less  than  1  ton  per  year.  Emissions  of  criteria  pollutants  in 
quantities  less  than  30  tons  per  year  are  considered  minor,  and  not  subject  to  New 
Source  Performance  Standards  and  the  most  costly  control  technology  (state 
regulations  and  ozone  attainment  status  may  alter  this  conclusion).  Assuming  a 
linear  relationship  between  torch  power  and  carrier  gas  feed,  the  NOx  emission  for 
a  1.0  MW  plasma  torch  would  still  be  less  than  10  tons  per  year. 
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6  Preliminary  Design  of  a  Mobile  Plasma 
Asbestos  Pyrolysis  System 


A  preliminary  design  of  a  mobile  Plasma  Asbestos  Pyrolysis  System  (PAPS)  to 
destroy  and  vitrify  asbestos-containing  materials  (ACM)  has  been  developed  based 
on  the  results  of  the  two  consecutive  CPAR  research  programs  and  other  related 
studies.  This  chapter  outlines  the  basic  design  criteria  and  proposes  a  schematic 
layout  of  a  mobile  PAPS. 


Asbestos-Containing  Materiai  (ACM). 

The  PAPS  will  be  designed  to  vitrify  ACM  taken  from  large  buildings  and  industrial 
facilities.  The  ACM  will  include  pure  asbestos  wastes  plus  asbestos-contaminated 
materials  normally  removed  from  buildings  by  asbestos  abatement  contractors.  The 
asbestos  will  be  loaded  into  fiberboard  drums,  which  are  routinely  used  by  asbestos 
abatement  contractors.  These  drums  can  vary  in  size,  up  to  55  gal,  depending  on  the 
final  PAPS  design.  For  the  purposes  of  this  study,  35-gal  fiberboard  drums,  which 
will  contain  approximately  125  lb  of  ACM,  are  recommended.  At  a  planned 
processing  throughput  of  1,250  lb  per  hour,  a  feed  rate  of  10  drums  per  hour  (or  one 
drum  every  6  minutes)  would  be  required. 


Plasma  Heating  System. 

Assuming  an  ACM  Specific  Energy  Requirement  (SER)  of  0.40  kWH  per  lb  (800 
kWH  per  ton),  a  500  kW  Plasma  Heating  System  (PHS)  would  have  a  capability  to 
process  1,250  lb  of  ACM  per  hour.  The  plasma  torch  should  have  a  transferred  arc 
and  be  able  to  operate  several  feet  inside  a  plasma  reactor/furnace.  Plasma  Energy 
Corporation  (PEC),  one  of  the  CPAR  industry  partners,  produces  such  a  PHS.  The 
major  components  of  their  system  are: 

1.  500  kW  Plasma  Torch 

2.  Direct  current  power  supply 

3.  Water-cooling  console/pump  station 

4.  Water-to-air  heat  exchanger 


USACERL  TR-97/64 


47 


5.  Air  compressor 

6.  Water-gas  manifold 

7.  Water-power  junction  box 

8.  Control  panel 

9.  Power,  water,  and  air  linkages 

Figure  15  shows  a  schematic  diagram  of  a  typical  plasma  heating  system. 


500  kW  Reactor/Furnace  With  Drum  Feed  System 

The  reactor/fumace  will  be  designed  to  accommodate  a  500  kW  plasma  torch 
operating  with  a  molten  metal  bath.  The  torch  will  maintain  the  bath  temperature 
at  approximately  1,600°C.  Fiberboard  drums  will  be  loaded  individually  through  a 
hydraulic  feed  system.  The  plasma  torch  will  be  articulated  to  permit  drums  to  be 
fed  into  the  reactor  without  obstruction,  to  vitrify  any  ACM  that  may  not  be 
completely  processed  in  the  molten  metal  bath,  and  to  open  the  melted  slag  taphole 
if  required.  Figure  16  shows  a  proposed  schematic  diagram  of  a  500  kW  reac¬ 
tor/fumace  with  drum  feed  system. 


Gas  Emission  Controi/Treatment  System 

The  offgas  generated  in  the  vitrification  process  will  be  put  under  a  negative 
pressure  prior  to  entering  the  gas  emission  control  and  treatment  system.  This  will 
ensure  that  all  gases  are  directed  through  the  entire  gas  emission  control  and 
treatment  system  prior  to  being  exhausted  to  the  atmosphere.  Sludges,  particulate 
matter  and  neutralization  salts  generated  in  the  gas  treatment  systems  would  be 
collected  and  put  through  the  vitrification  process  or  otherwise  treated.  The  PAPS 
gas  emission  and  control  system  would  generally  consist  of  four  components; 

1.  Secondary  combustion  system.  The  gases  generated  by  the  thermal  process 
will  likely  contain  combustible  fuel  gases.  These  will  be  totally  burned  in  an 
off-the-shelf,  standard  secondary  combustion  chamber. 

2.  Gas  cooler  I  scrubber  system.  The  hot  gases  will  be  cooled  and  scrubbed  in  a  gas 
cooler  and  scmbber  system.  Figure  17  shows  a  recommended  design  which  has 
been  successfully  used  for  several  years  by  PEC  and  Georgia  Tech.  The  gases 
are  cooled  by  passing  through  three  sets  of  spray  nozzles  and  a  2-ft  bed  of  wet 
river  bottom  pebbles.  Caustic  soda  is  added  to  the  water  as  required  to 
neutralize  acidic  compounds  in  the  offgas. 
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Figure  16.  500  kW  Plasma  reactor/furnace  with  drum  feed  system. 
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The  assembled  gas  cooler/scrubber  may  stand  too  high  to  safely  transport  on 
a  mobile  system.  Therefore,  a  design  that  would  separate  the  system  into  two 
easily  assembled  halves  should  be  considered.  The  schematic  layout  of  the 
system  recommended  in  this  report  assumes  this  configuration. 

3.  Gas  emission  lime  treatment  system.  Allocation  has  been  made  in  the  PAPS 
design  to  treat  offgas  pollutants  not  remediated  elsewhere  in  the  gas  treatment 
system.  This  condition  could  be  caused,  for  example,  by  ACM  contaminated 
with  unique  industrial  chemicals,  or  simply  by  a  scrubbing  system  overload. 
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In  any  case,  special  gas  treatment  requirements  can  usually  be  met  with  off- 
the-shelf  gas  treatment  systems.  For  the  pimposes  of  this  design,  a  simple  dry- 
powdered  lime  gas  treatment  chamber  has  been  included  to  treat  residual  acid 
gases  not  previously  neutralized  by  the  scrubbing  system. 

4.  HEPA  filter.  Before  release  to  the  atmosphere,  all  exhaust  gases  will  pass 
through  a  HEPA  filter  to  ensure  that  no  asbestos  fibers  or  excessive  parti¬ 
culates  are  released.  HEPA  filters  are  standard  off-the-shelf  items  of 
equipment. 


Vitrified  Slag  Handiing  Equipment 

The  molten  residue  material  tapped  from  the  reactor/fumace  taphole  would  pour  by 
gravity  into  a  large  mold  for  casting  into  glassy,  rock-like  ingots.  When  full,  the 
molds  would  be  replaced  between  taps  by  a  forklift.  The  hardened  residue  has  very 
high  compressive  strength  (several  thousand  pounds  per  square  inch)  and  could  be 
readily  sold  as  road  gravel,  concrete  aggregate,  etc. 


Preliminary  Design  of  a  Piasma  Asbestos  Pyroiysis  System  (PAPS) 

A  recommended  preliminary  design  and  schematic  layout  of  a  mobile  PAPS  has  been 
developed  to  indicate  where  the  major  items  of  equipment  would  be  positioned.  For 
the  purposes  of  this  study,  standard  48-ft  low-bed  trailers  were  selected  as  the 
mobile  platforms  for  the  PAPS.  Three  48-ft  trailers  were  required  to  handle  the 
major  items  of  equipment  for  the  PAPS  (Table  11).  Table  12  lists  the  equipment 
loading  for  each  trailer.  Figures  18, 19,  and  20  show  a  preliminary  design  of  each 
trailer  load.  The  three  trailers  can  accommodate  the  entire  PAPS  system  except  for 
the  external  electrical  power  requirement  of  500  kW.  For  the  main  purpose  of  the 
construction  industry,  an  asbestos  rehabilitation  project  is  normally  co-located 
within  an  urban  area  with  adequate  supply  of  electric  power  at  an  industrially  high 
voltage  and  power  levels.  In  addition,  construction  companies  generally  have  access 
to  their  own  power  generating  equipment  either  directly  or  through  lease 
arrangements  for  the  specific  periods  they  operate  outside  the  range  of  an  urban 
power  supply  network.  Therefore,  external  power  requirements  were  not  included 
in  the  cost  estimate  for  PAPS.  However,  if  necessary,  a  foiufth  trailer  could  be  added 
to  the  PAPS  which  could  readily  accommodate  a  500  kW  diesel  generator  unit. 
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PAPS  Prototype  Time  Schedule 

All  equipment  required  for  the  design  and  development  of  a  prototype  PAPS  is 
available  off  the  shelf.  No  significant  research  and  development  effort  would  be 
necessary,  except  perhaps  to  adapt  the  equipment  to  a  mobile  configuration.  Table 
13  shows  the  time  schedule  for  the  design,  development,  and  testing  of  a  PAPS  imit 
for  implementation  once  a  PAPS  prototype  unit  is  funded. 


Table  11.  Plasma  asbestos  pyrolysis  system  major 
equipment  list.  _ 


Table  12.  PAPS  trailer  loading  plan;  equipment 
breakdown  by  trailer  load. _ 


APPROX. 
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Figure  18.  PAPS  Trailer  No.  1  equipment  plan, 
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Figure  19.  PAPS  Trailer  No.  2  equipment  plan. 


APPROX. 
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Figure  20.  PAPS  Trailer  No.  3  equipment  plan. 


56 


USACERL  TR-97/64 


USACERL  TR-97/64 


57 


7  Economic  Analysis 


Various  assumptions  could  be  taken  at  the  outset  of  an  economic  analysis.  The 
assumptions  below  are  consistent  with  the  experimental  and  technical  protocol  of 
this  study,  typical  modes  of  operation  for  the  plasma  equipment,  and  a  conservative 
estimate  of  various  cost  drivers  for  the  application  of  plasma  technology.  For 
example,  in  their  typical  industrial  applications,  plasma  furnaces  are  operated 
continuously  (i.e.,  24  hours  a  day)  except  for  shutdown  and  maintenance.  The 
reason  for  the  typical  continuous  mode  of  operation  is  that  the  pre-heating  and 
ramp-up  periods  are  long,  costly,  and  unproductive.  In  addition,  the  repetitive 
heating  and  cooling  cycles  deteriorate  the  furnace  lining.  Therefore,  the  typical 
mode  of  plasma  arc  heated  equipment  process  calls  for  24-hr  operation  and 
continuous  feed  rates.  Construction  industry  practitioners,  though  capable  of 
working  long  and  extended  hours,  normally  do  not  support  around-the-clock  work 
schedule  except  for  emergency  repair  jobs  and  priority  phases  of  the  construction 
schedule.  Rehabilitation  of  asbestos  could  hardly  be  considered  one  of  the  above 
items.  Therefore,  a  16  hour/day  processing  time  was  considered  a  practical 
compromise  for  the  purpose  of  this  economic  analysis. 

It  was  also  envisioned  that  a  critical  mass  of  asbestos  debris  had  to  be  collected  on 
site  prior  to  the  application  of  the  PAPS  technology,  thus  allowing  an  economic  rate 
for  processing  the  feed  material.  Finally,  the  methodology  outlined  below  could 
simply  be  used  in  a  comparative  sense  or  in  the  construction  of  a  different  case 
scenarios.  Currently,  the  only  other  practiced  method  for  ACM  disposal  is  hauling 
to  a  Class- 1  EPA-certified  landfill  with  no  treatment  option.  Landfills  prices  vary 
nationally  depending  on  location  and  availability  of  landfill  space.  The  price  for 
disposal  ranges  from  $65  to  $  160/ton  in  the  Southeast  and  Midwest  to  a  high  of  $150 
to  $300/ton  in  the  East  Coast  or  California.  The  two  economic  drivers  that  make  the 
PEPS  technology  competitive  are  the  escalating  cost  of  landfilling  process,  with  a  10 
to  20  percent  annual  increase  in  the  1980s  and  the  liability  avoidance  resulting  from 
potential  future  litigation  for  any  generator  of  tainted  or  contaminated  ACM. 

1.  This  economic  analysis  assumes: 

a.  Plasma  Heating  System  (PHS):  Treat  asbestos-containing  materials 
(ACM). 

b.  PHS  Size:  500  kW,  transferred  arc  torch 
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c.  Operations:  2  shifts  per  day 

21.25  days  per  month 
255  days  per  year 

d.  Daily  Processing  Time:  16  hours 

e.  Labor  Costs:  $100,000  per  year  each  shift 

f.  Maintenance  Costs:  $20/hr  (torch  @  $  10/hr;  other  at  $  10/hr) 

g.  Specific  Energy  Requirement  (SER):  0.4  kWH  per  pound  of  ACM  (800 
kWH/ton)  (Table  14) 

h.  Power  Cost:  5  cents  per  kilowatt  hour 

I.  Capital  Investment  Amortization:  10  years  (n)  @  8%  interest  (i) 
j.  Salvage  Value  of  Capital  Equipment  in  10  years  (Vio):  $95,000 

2.  Capital  Investment  Costs  (V) 


a. 

Plasma  Heating  System 

$500,000 

b. 

Reactor/Furnace 

85,000 

c. 

Control  Room 

45,000 

d. 

Gas  Emission  Control/Treatment 

150,000 

e. 

System  Integration 

40,000 

f. 

Trailers  (3) 

60,000 

g- 

Spare  Parts 

30,000 

h. 

Installation/Start-Up 

40.000 

Total  Capital  Investment  Cost  (V) 

$  950,000 

3.  Present  Value  of  Salvage  Equipment  (Vs)  is  estimated  as: 

V  =  =  $44,000 

*  (1  +  i)"  (1  +  0.08)^“ 


Table  14.  Range  of  specific  energy  requirements  for 
piasma  destruction  of  typicai  waste  materiais  (22). 


Material 

Specific  Energy  Requirement 
fSER)  (kWH  oer  nound) 

RGBs 

0.28-0.54 

Medical  waste 

0.28-0.51 

Municipal  solid  waste 

0.35-0.70 

Car  fluff 

0.43 

Electric  arc  furnace  dust 

0.68-0.85 

Automobile  tires 

0.85 
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4.  Present  Value  of  Capital  Investment  (Vp)  is  estimated  as: 
V  =  V-V  =  $950,000 -$44,000  =  $906,000 

P  5 


5.  Capitol  Recovery  Cost  (CRC)  is  estimated  as: 


CRC 


(V-Vs)i(1  -i)" 

(1  +i)"-1 


CRC  =  (950,000  -  44,000) 


0.08(1  t0.08)^° 
(1.08)^° -1 


(906,000) 


0.08(2.16) 

2.16-1 


CRC  =  $134,963  per  year  capital  recovery 


6.  System  Throughput  is  estimated  as: 

1,250  #/hr.  X  16  hrs./day  x  21.25  days/mo.  =  425,000  #/mo. 

7.  Power  Costs  are  estimated  as: 

0.40  kWH/#  X  50/kWH  =  2.000/# 

8.  Labor  Costs  are  estimated  as: 

2  X  $100,000/yr.  -r  12  mo./yr.  425,000  #/mo.  =  3.920/# 

9.  Maintenance  Costs  are  estimated  as: 

$20/hr.  -r  1,250  #/hr.  =  1.600/# 

10.  Capital  Amortization  Costs  (CAC)  (Salvage  Value  taken  into  account)  are 
estimated  as: 

$134,963  $/yr.  -r  12  mo./yr.  -s-  425,000  #/mo.  =  2.650/# 

11.  Summary  of  Operating  Costs: 


a. 

Power  Costs 

2.00 

0/# 

b. 

Labor  Costs 

3.92 

0/# 

c. 

Maintenance  Costs 

1.60 

0/# 

d. 

Equipment  Amortization  Cost 

2.65 

0/# 

10.17 

0/# 

Total  Operating  Costs  = 


$203  /ton 
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8  Technology  Transfer  Initiatives 


Several  technology  transfer  actions  relating  to  the  concept  of  plasma  destruction  of 
asbestos  have  taken  place,  particularly  within  the  Department  of  Defense,  since  this 
two-phase  CPAR  program  initially  was  awarded  in  Jime  1990.  The  following 
paragraphs  describe  the  most  applicable  programs  relating  to  the  transfer  of  the 
technology  developed  in  this  CPAR  project  to  the  field. 


Defense  Logistics  Agency  (DLA) 

In  September  1992,  The  Defense  National  Stockpile  Center  (DNSC),  DLA  contacted 
USACERL  to  request  information  about  the  results  of  the  Phase  1  CPAR  program. 
Their  principal  interest  was  the  disposal  of  approximately  5,500  tons  of  asbestos  in 
their  National  Strategic  Stockpile.  This  material  is  stored  at  seven  locations  in  five 
states.  Most  of  the  asbestos  is  stored  loose  in  oil  storage  tanks.  The  stockpile  was 
created  in  the  1940s  and  1950s. 

The  DLA  request  resulted  in  several  meetings  between  DNSC  and  the  Georgia  Tech 
Construction  Research  Center,  USACERL,  and  two  CPAR  industrial  partners.  At 
their  request,  DNSC  was  provided  samples  of  vitrified  asbestos  for  examination  and 
testing. 

In  June  1993,  DLA  issued  a  solicitation  for  the  final  disposal  of  the  initial  250  tons 
of  amosite  asbestos  located  at  a  site  in  Port  Clinton,  OH.  Their  proposed  method  of 
disposal  was  “plasma  arc  vitrification.”  In  June  1994,  the  DLA  awarded  a 
competitive  contract  for  this  project  to  one  of  the  CPAR  partners.  Plasma  Technology 
Corporation  (PTC).  After  an  extensive  period  of  investigating  Federal,  State,  and 
local  regulations  to  ensure  that  the  project  met  all  regulatory  requirements,  the 
project  got  underway  in  mid- 1995.  Figure  21  shows  a  diagram  of  the  500  kW  plasma 
vitrification  plant  designed  for  this  application. 
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Figure  21.  Plasma  mobile  asbestos  vitrification  plant. 
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The  PTC  system  is  distinctly  different  from  the  PAPS  design  criteria  for  several 
reasons,  most  significantly  because: 

1.  The  PTC  system  is  designed  for  clean  and  pure  bulk  asbestos  only. 

2.  PAPS  will  require  a  much  more  sophisticated  feeding  system  than  the  simple 
screw  feeder  used  for  the  DLA  material. 

3.  The  PAPS  offgas  treatment  system  must  be  designed  to  treat  a  much  wider 
variety  of  offgases  them  the  PTC  system. 

4.  The  PAPS  system  will  require  a  secondary  combustion  system  to  combust  the 
fuel  gases  given  off  by  organic  materials  in  the  ACM. 

During  the  Fall  1995,  the  plasma  unit  was  set  up  and  tested  at  the  Port  Clinton  site. 
Before  suspending  the  operation  for  the  1995-1996  winter  season,  the  plant  was 
processing  1,500  lb  of  asbestos  per  hour  at  a  Specific  Energy  Requirement  (SER)  of 
approximately  500-600  kWH  per  ton.  The  fiber  emission  rate  in  the  offgas  is 
nondetectable.  The  vitrified,  glassy,  rock-like  residue  meets  all  EPA  leachability 
criteria  (Toxicity  Characteristic  Leaching  Procedure  [TCLP]  tests).  This  residue 
material  is  planned  to  be  sold  as  road  gravel  for  $8.00  per  ton. 


Rocky  Mountain  Arsenal,  U.S.  Army  Materiel  Command  (USAMC) 

Rocky  Mountain  Arsenal  (RMA)  near  Denver,  CO  is  an  inactive  production  facility 
that  has  been  previously  used  for  the  production  of  mustard  gas,  chlorine,  pesticides, 
etc.  A  large  effort  for  asbestos  removal  has  been  on-going  for  the  past  several  years 
as  part  of  a  Superfund  Site  cleanup  project.  Estimated  amounts  of  removed  asbestos 
thus  far  are  over  2  million  lb  that  were  landfilled.  An  additional  2  million  lb  are 
expected  to  be  generated  from  the  continuing  asbestos  removal  effort.  The  asbestos 
is  placed  in  double  liner  bags,  loaded  on  trailers,  and  transported  to  a  landfill  site 
near  Tooele  Army  Depot,  UT. 

In  early  1993,  USACERL  was  contacted  by  the  RMA  asbestos  inspection  team  to 
provide  information  on  the  CPAR  asbestos  destruction  program.  Following  several 
meetings  between  RMA,  USACERL  and  Georgia  Tech,  RMA  requested  that  the 
Construction  Research  Center  conduct  several  plasma  vitrification  experiments  on 
a  variety  of  RMA  asbestos-containing  materials  (ACM).  These  samples  were 
contaminated  with  very  low  (nonhazardous)  levels  of  chemical  agents  and  pesticides. 
A  series  of  eight  experiments  were  conducted  in  1994.  The  ACM  consisted 
principally  of  tank/pipeline  insulation,  bonded  wall  and  floor  transite  and  plasters, 
and  sealing  materials.  The  plasma  vitrification  process  was  shown  to  reliably  vitrify 
all  asbestos  samples  into  nonhazardous  products.  The  vitrified  residue  readily 
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passed  all  EPA  leachability  TCLP  tests.  Initial  economic  indicators  showed  that  the 
plasma  processing  costs  would  be  favorable  for  contaminated  asbestos  and  ACM. 
The  results  of  this  testing  program  are  considered  directly  applicable  to  this  CPAR 
program,  and  are  discussed  in  more  detail  in  Chapter  5  of  this  report  (18). 

Following  this  successful  test  program,  RMA  requested  that  the  USACERL/Georgia 
Tech  team  develop  a  preliminary  design  for  a  1  ton/hr  plasma  asbestos  vitrification 
system  to  be  located  at  Tooele  Army  Depot,  UT.  This  “Tooele  Plasma  Applications 
Research  Facility  (TEPARF)”  would  be  used  to  process  asbestos  from  RMA  and  other 
military  installations  in  the  region.  In  addition,  it  would  be  used  as  a  full-scale 
research  facility  to  evaluate  the  potential  of  plasma  technology  to  destroy  other 
USAMC  wastes.  The  preliminary  design  of  the  TEPARF  and  a  NESHAP  permit 
application  package  for  the  project  were  completed  in  July  1995.  Figure  22  shows 
a  schematic  layout  diagram  of  this  design.  In  early  1995,  RMA  submitted  a  request 
to  USAMC  to  fund  the  design,  construction,  and  operation  of  the  TEPARF  for  5 
years.  Because  of  funding  limitations,  this  project  was  not  approved;  its  funding 
status  remains  uncertain. 


Philadelphia  Naval  Shipyard 

In  January  1994,  USACERL  was  contacted  by  the  Facilities  and  Maintenance 
Department,  Base  Realignment  and  Closing  (BRAC)  Group,  Philadelphia  Naval 
Shipyard  (PNS),  whose  primary  interest  was  the  plasma  arc  destruction  of  ACM 
generated  as  a  result  of  the  base  closing  activities.  USACERL  provided  the  BRAC 
group  the  results  of  the  CPAR  program  up  to  that  time  to  permit  them  to  evaluate 
plasma  technology  and  to  conduct  a  “Type  B”  economic  analysis. 

Based  on  the  PNS  evaluation  of  using  plasma  technology  to  vitrify  their  ACM, 
BRAC  funding  was  allocated  to  design  and  build  a  plasma  asbestos  vitrification 
plant  at  the  base.  In  addition  to  the  economic  benefits  of  the  process,  the  BRAC 
group  determined  that  plasma  vitrification  of  ACM  would  reduce  government 
liability  and  the  impact  of  environmentally  required  asbestos  removal.  The  Naval 
Facilities  Engineering  Command  (NAVFAC)  contracted  with  an  Architect-Engineer 
firm  in  Reading,  PA  to  design  a  facility  that  would  house  the  asbestos  vitrification 
system  and  supporting  equipment.  The  facility  was  designed  to  store,  delag,  bag, 
and  vitrify  the  ACM  taken  from  the  Philadelphia  Naval  Base.  The  contractor  also 
developed  a  separate  performance  specification  for  the  design  and  construction  of 
the  plasma  vitrification  system.  This  specification  included  plasma  heating  system 
and  furnace  requirements,  feeding  and  extraction  mechanisms,  and  emission  control 
systems. 
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In  the  Fall  of  1995,  just  before  a  NAVFAC  competitive  solicitation  to  design  and 
build  the  plasma  vitrification  system,  BRAC  funding  was  reduced  and  this  project 
was  not  funded.  Funding  for  this  project  is  presently  on  hold. 


The  EDF INERTAM  Process 

An  associated  ACM  vitrification  process  was  undertaken  by  Electricite  de  France 
(EDF)  about  the  time  that  the  Phase  1  CPAR  asbestos  destruction  program  was 
being  completed.  EDF  began  a  series  of  tests  on  ACM  in  1990.  These  experiments 
paralleled  the  CPAR  program  conclusions  that  asbestos  and  ACM  could  be  safely 
and  efficiently  destroyed  and  vitrified  using  plasma  arc  technology. 

Following  these  successful  experiments,  EDF  created  a  subsidiary  organization 
(INERTAM)  in  1992,  to  design,  build,  and  operate  a  mobile  unit  for  the  plasma 
vitrification  of  ACM.  The  mobile  unit  was  completed  and  became  operational  in 
1994.  It  is  mounted  on  skids  and  can  be  transported  on  20  trailers.  The  system 
includes  five  principal  components  (21): 

1.  An  automated  control  system  that  allows  the  plant  to  be  operated  continuously 
by  three  personnel 

2.  A  1.75  MW  transferred  arc  torch,  produced  by  Aerospatiale 

3.  A  reactor/furnace  loading  system  that  feeds  55-gal  drums  of  ACM,  two  at  a 
time,  into  the  furnace 

4.  A  high  temperature  furnace  of  1  ton  per  hour  capacity,  and  an  associated 
secondary  combustion  system 

5.  A  gas  treatment  system  which  includes  a  gas  cooler,  an  acid  gas  neutralization 
system,  and  particulate  filtration  systems. 

Figure  23  shows  a  schematic  diagram  of  this  process. 

The  INERTAM  plant  is  processing  ACM  on  site  at  an  electrical  generation  plant 
being  dismantled  in  Aijuzanx,  France.  The  plant  operates  for  24  hours  per  day,  5 
days  a  week.  Approximately  100  tons  per  week  of  ACM  are  being  processed. 
Volume  reduction  of  the  ACM  is  about  80  percent.  The  vitrified  slag  readily  passes 
all  French  standard  leachability  requirements,  and  can  be  sold  as  road  gravel.  The 
offgas  from  the  process  complies  with  all  European  regulations  concerning  disposal 
of  hazardous  industrial  waste. 
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Current  Status 

At  the  writing  of  this  report,  the  DLA  operation  was  still  on-going  after  a  long  delay 
resulting  from  feed  equipment  freeze  during  the  winter  of  1996.  The  contract  award 
was  for  a  fixed  sum,  whereby  the  performing  contractor  was  unable  to  release  cost 
data  prior  to  project  completion.  Both  RMA  and  PNS  projects  were  on  hold  awaiting 
pending  funding  from  the  U.S.  Congress  and  VAVFAC,  respectively.  Both  projects, 
however,  had  designs  in  various  degrees  of  completion.  Finally,  the  EDF  INTRAM 
process  completed  processing  all  the  waste  in  the  original  site  at  Aijuzanx,  France, 
has  been  disassembled,  and  currently  being  re-located  to  a  different  site  near  Paris. 
The  final  report  on  the  EDF  asbestos  vitrification  project  at  Aijuzanx  is  not 
available  at  the  time  of  writing  this  report,  but  all  consensus  indicate  that  it  was 
both  technically  and  economically  successful;  its  sponsor  is  planning  a  second 
similar  project,  once  the  equipment  is  reassembled  in  the  new  location. 
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9  Summary  and  Conclusions 


Summary 

This  study  has  demonstrated  that  ACM  can  be  successfully  processed  into  a 
harmless  vitrified  product,  and  has  addressed  the  design  criteria  for  a  mobile 
Plasma  Asbestos  Pyrolysis  System  (PAPS)  for  on-site  destruction  of  ACM,  including 
a  time  schedule  to  develop  and  test  an  industrial-scale  prototype  system.  This 
experimental  program  consisted  of  four  separate  experiments  to  vitrify  various  types 
of  asbestos-containing  materials  (ACM): 

•  floor  tile  (2  types) 

•  transite  wall  board  (1  type) 

•  roofing  material  (1  t5^e). 

These  samples  represented  the  most  difficult  ACM  materials  to  destroy  due  either 
to  the  highly  bonded  character  of  the  materials  (floor  tile  and  transite)  or  the  high 
hydrocarbon  content  of  the  material  (roofing).  A  100  kW  torch  was  used  to  process 
canisters  of  the  ACM  samples,  which  were  individually  loaded  into  a  plasma  furnace 
preheated  to  temperatures  exceeding  1,400  °C.  Processing  temperatures  ranged 
from  1,425  to  2,260  °C. 

The  experimental  results  indicated  that  a  plasma  arc  torch  can  reliably  destroy  and 
vitrify  a  variety  of  ACM  into  nonhazardous  products.  The  vitrified  product  passes 
full  EPA  Toxicity  Characteristic  Leaching  Procediu-e  (TCLP)  analysis  for  hazardous 
organic  and  inorganic  constituents.  Physical  inspection  of  the  product  revealed  a 
brittle,  nonhomogeneous  material. 

Elemental  analysis  of  the  vitrified  product  revealed  six  primary  constituents,  in 
descending  amounts:  silicon,  calcium,  aluminum,  potassium,  magnesium,  and 
sodium.  The  product  composition  was  largely  dependent  on  ACM  input  composition. 
A  combination  of  lower  system  vacuum  pressures,  greater  torch  height,  and  lower 
carrier  gas  pressures  during  initial  sample  injection  provided  for  consistently  less 
than  0.01  percent  mass  carryover. 
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Analysis  of  the  particles  in  the  exhaust  gas  stream  revealed  two  modes  of  particle 
generation;  an  initial  fragmentation  of  the  ACM  to  produce  larger  particles  (>  10 
microns),  and  a  vaporization  of  compoimds  from  the  melt  to  condense  as  smaller  (0.5 
to  2.0  microns)  particles.  The  initial  presence  of  a  molten  metal  bath  in  the  crucible 
appeared  to  reduce  the  loading  of  larger  particles  (>  10  microns)  to  the  exhaust  gas 
stream,  but  not  contribute  to  the  ACM  processing  rate  or  quality  of  the  vitrified 
product.  Heavily  boxmd  asbestos  materials  appeared  to  generate  only  slightly  less 
particles  in  the  exhaust.  The  vaporization/nucleation  particle  formation  mode 
appears  to  be  a  potential  hazard  due  to  the  vaporization  of  low  vapor  pressure  heavy 
metals,  and  other  metals  salts.  However,  these  were  effectively  treated  in  the 
scrubbing  system. 


Conclusions 

This  study  concludes  that: 

1.  When  Asbestos-Containing  Materials  (ACM)  are  subjected  to  temperatures 
above  1,000°C,  the  asbestos  fibers  and  the  materials  melt  or  pyrolyze  and 
subsequently  solidify  (vitrify)  into  a  nonhazardous,  essentially  inert  solid 
material. 

2.  A  mobile  1,250  lb  per  hour  Plasma  Asbestos  P5n-olysis  System  (PAPS)  can  be 
developed  using  a  500  kW  plasma  heating  system.  The  PAPS  could  be 
configiu*ed  to  fit  on  three  48-foot  trailers.  This  system  would  be  self-contained 
except  for  the  need  of  an  outside  electrical  power  source.  If  necessary,  a  fourth 
trailer  could  contain  an  electrical  generating  system  to  make  the  system 
completely  self-contained.  The  total  time  required  to  design,  build  and  test  a 
PAPS  prototype  system  is  estimated  at  22  months. 

3.  ACM  destruction  and  vitrification  operating  costs  for  a  1,250  lb  per  hour  PAPS 
is  estimated  at  $203  per  ton.  These  costs  approximate  the  average  ACM 
disposal  costs  at  Class  1  EPA-approved  landfills  that  comply  with  the  National 
Emissions  Standards  for  Hazardous  Air  Pollutants  (NESHAP).  These  landfill 
disposal  costs  are  expected  to  increase  significantly  as  more  restrictive  disposal 
regulations  are  enacted. 

4.  Commercialization  of  an  industrial  scale  PAPS  system  is  available  through 
any  of  the  three  industry  partners  that  participated  in  this  CPAR  program. 
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5.  The  construction  industry  use  for  PAPS  must  be  a  selective  decision  based  on 
specific  economical  and  technical  criteria.  For  the  plasma  arc  technology 
application  to  be  cost  effective,  a  critical  mass  of  ACM  debri  must  be  available 
in  any  new  location  before  equipment  mobilization.  One  major  aspect  to 
consider  is  the  actual  length  of  processing  time  requirement  relative  to  total 
mobilization  time  requirements,  including  assembly  and  disaassembly  of  the 
PAPS  unit.  In  addition,  both  the  quality  and  condition  of  the  ACM  also  play  an 
important  role.  Dry  clean  asbestos  is  easier  and  cheaper  to  vitrify.  Moisture 
contents  above  20  percent  may  present  a  cost  on  processing  large  amounts  of 
water  into  vapor,  therefore,  wet  ACM  mixtures  should  be  only  considered  if  its 
moisture  content  could  be  appreciably  reduced  down  to  around  20  percent. 
Also,  contaminated  ACM  with  lead— or  other  EPA  listed  heavy  metals— and/or 
chemical  agents  that  may  introduce  stack  emission  problems,  will  have  to  be 
carefully  studied  and  analyzed;  their  impact  on  the  stack  emission  quality  will 
have  to  be  understood  and  safeguarded  through  alterations  and  modifications 
to  the  emissions  treatment  equipment.  As  with  any  other  newly  introduced 
technology,  plasma  arc  technology  has  its  “sweet  spot”  for  application  as  well 
as  its  selection  criteria  for  the  most  appropriate  applications.  USACERL  and 
AEC  will  continue  to  work  on  User  matrices  guidelines  and  selection  criteria. 

Based  on  the  results  of  the  two  consecutive  phases  of  the  asbestos  destruction  CPAR 
program,  technology  transfer  within  the  DOD  has  already  been  initiated.  The  DLA 
has  selected  plasma  arc  technology  to  destroy  the  National  Strategic  Stockpile  of 
amosite  asbestos.  The  DLA  awarded  a  contract  to  one  of  the  CPAR  research 
partners,  and  this  partner  has  built  a  500  kW  system,  similar  to  PAPS,  which  has 
begun  this  task.  The  U.S.  Army  Materiel  Command,  Rocky  Mountain  Arsenal  has 
developed  a  preliminary  design  concept  to  establish  a  plasma  facility  at  Xooele  Army 
Depot,  UT  to  destroy  contaminated  asbestos.  The  U.S.  Naval  Facilities  Engineering 
Command  is  also  strongly  considering  plasma  arc  technology  to  process  and  destroy 
the  asbestos  wastes  at  Naval  bases  being  closed. 

Outside  the  United  States,  the  French  utility  company,  Electricite  de  France  (EDF) 
has  built  and  is  operating  a  1.75  MW  system  to  destroy  20  tons  of  ACM  per  day  from 
a  power  generation  plant  in  Aijuzanx,  France  that  is  being  dismantled.  The 
increasing  popularity  of  plasma  arc  technology  as  an  asbestos  and  ACM  thermal 
destruction  option  highlights  the  successful  transfer  of  CPAR-developed  technology. 
It  is  indicative  of  the  potential  of  plasma  arc  technology  to  destroy  ACM  in  an 
environmentally  safe,  efficient,  and  cost-effective  manner. 
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Mode  of  Commercialization  and  Technology  Transfer 

Commercialization  of  an  industrial  scale  PAPS  system  is  available  through 
USACERL  industrial  partners  that  participated  in  this  CPAR  program.  Unit  prices 
may  vary  with  size,  feed  rate,  and  the  demands  placed  on  the  complexity  of  the 
emission  scrubbing  equipment.  In  general,  a  lead  time  of  6  months  is  necessary  to 
order,  huild,  integrate,  and  finally  “shake  down”  and  test  a  new  plasma  arc  unit. 
The  main  point  of  contact  (POC)  for  asbestos  destruction  applications  is  Dr.  Lou 
Circeo  at  GTRI,  phone:  (404)  894-2070;  Fax:  (404)  894-1989. 

Payment  schedules  and  delivery  terms  vary  depending  on  the  manufacturer  of  the 
main  components  and  the  performance  level  of  the  auxiliary  systems.  Various 
plasma  torch  manufacturers  produce  torches  with  different  configurations;  all 
manufacturers  tend  to  recommend  their  specific  equipment  for  use  in  any  given  or 
suggested  application.  Therefore,  it  is  highly  recommended  that  the  equipment 
procurement  process  begin  with  the  support  of  a  reputable  system  integrator,  a  third 
party  industrial  design,  or  an  entity  with  both  prior  experience  in  the  required 
application  and  a  track  record  of  success  performing  the  services  needed  within  the 
targeted  specifications.  Currently,  several  Federally  funded  plasma  projects  for  a 
variety  of  applications  besides  asbestos,  have  matured  to  the  point  where  a  Federal 
Plasma  Users  Group  (FPUG)  was  instituted  for  the  purposes  of  pooling,  sharing,  and 
finally  disseminating  project  information  and  data  on  timely  basis.  The  POC  for  the 
FPUG  at  USACERL  is  Dr.  Edgar  Smith,  phone:  (217)  373-3488;  Fax:  (217)  373-3490. 
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Appendix  A:  Elemental  Composition  and 
Decomposition  of  Asbestos 


1.  Elemental  Composition  of  Asbestos 

a.  Chrysolite  -  Mg3[Si205](0H)4 

b.  Crocidolite  -  Na2Fe""3Fe®"2[Si80io](OH)2 

c.  Anthophyllite  -  (Mg,Fe2*)7[Si8022](0H,F)2 

d.  Cummingtonite-Grunerite  -  (Mg,Fe^*,Mn)7[Si8022](0H)2 

e.  Tremolite-Ferroactinolite  -  Ca2(Mg,Fe^'^)5[Si8022](0H,F)2 

2.  Asbestos  Decomposition  Products 

a.  Hematite  -Fe203 

b.  Magnesioferrite  -  MgFe2^^04 

c.  Actinolite  -  Ca2(Mg,Fe^*)5[Si8022](0H,F)2 

d.  Quartz  -  SiOg 

e.  Forsterite  -  Mg2Si04 

f.  Enstatite  -  (Mg,Fe^‘"[Si03  -  a  specific  orthopyroxene 

g.  Orthopyroxene  -  (Mg,Fe)[Si03  -  a  subset  of  the  pyroxenes 

h.  Diopside  -  Ca(Mg,Fe)[Si206] 

I.  Talc  -  Mg8[Si802o](OH)4 

j.  Cummingtonite  -  (Mg,Fe^*,Mn)7[Si8022](0H)2 

k.  P3rroxene  -  (Ca,Fe,Mg)2Si206 
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Appendix  B:  Features  and  Benefits  of  Plasma 
Heating  Systems 


Massless  Heat 

Plasma  arc  torches  use  only  a  small  fraction  of  the  air  needed  by  fossil  fuel  heaters. 
Releasing  heat  energy  with  almost  no  mass  is  a  simpler  process  than  conventional 
heating  and  offers  greater  control  and  efficiency.  It  also  reduces  furnace  fabrication 
expenses,  off-gas-handling,  and  other  capital  costs  because  plasma  arc  torches 
operate  in  smaller  furnaces  than  fossil  fuel  heaters. 


Higher  Temperatures 

Plasma  arc  torches  operate  efficiently  at  temperatm'es  well  beyond  those  possible 
with  fossil  fuel  burners.  They  can  routinely  create  temperatures  that  range  from 
4,000-7,000  decrees  centigrade  or  higher.  This  extreme  heat  is  produced  instantly, 
and  can  be  easily  automated.  Controlled,  high  temperatures  increase  throughput 
and  reduce  costs. 


Controlled  Furnace  Atmosphere 

Plasma  arc  torches  operate  with  almost  any  gas  or  gas  mixtures  (oxidizing,  reducing, 
inert,  etc.).  This  flexibility  means  the  furnace  atmosphere  is  completely  variable, 
and  can  be  tailored  to  satisfy  the  individual  processing  environment. 


High  Thermal  Efficiency 

The  efficiency  of  plasma  arc  torches  consistently  reaches  between  857  and  93  °C. 
Therefore,  the  faster  and  more  complete  reaction  kinetics  of  plasma  energy  sharply 
reduces  turnaround  time  and  operating  costs. 
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Efficiency  and  Safety 

Because  the  plasma  column  is  rigidly  controlled,  plasma  arc  torches  can  direct  heat 
at  specific  surfaces.  Intense  heat  is  available  instantly  and  temperature  control  is 
easily  automated.  Torch  configurations  vary  to  suit  the  exact  processing  needs.  The 
plasma  arc  flame  can  be  extinguished  quickly.  Numerous  safety  and  monitoring 
features  are  designed  into  the  plasma  torch  control  panels  to  ensure  maximum 
safety,  efficiency,  and  control 

In  the  steel  industry.  Plasma  Tundish  Heating  helps  reduce  melting  and  casting 
costs,  and  improves  product  quality.  Plasma  heating  systems  control  the  tempera¬ 
ture  of  the  steel  directly  in  the  tundish  and/or  the  ladle.  Such  precise  temperature 
control  results  in  more  uniform  cast  structures,  improves  the  continuous  casting 
process,  reduces  downtime,  lowers  temperature  requirements  for  casters,  allows 
casting  in  narrower  temperature  zones,  and  increases  productivity. 


Productivity 

Plasma  heating  systems  ionize  gases  to  convert  electricity  into  heat.  They  operate 
with  almost  any  gas  including  air,  argon  helium,  hydrogen,  CO2,  or  CH4.  For  added 
flexibility,  they  can  also  operate  with  many  gas  mixtures.  Many  configurations  are 
available,  from  low  power  convertible  torches  (which  are  perfect  for  research 
laboratories)  to  the  high  power  systems  suitable  for  vacuum  processing. 


Plasma  Arc  Torches 

Plasma  arc  torches  can  be  adapted  for  almost  any  operating  requirements.  All  of 
these  torches  benefit  from  the  same  positive  features  of  plasma  energy,  and  are 
available  in  many  sizes,  ranging  from  about  100  kilowatts  to  10  megawatts. 


Transferred  Arc  Torches 

A  transferred  arc  torch  uses  the  working  material  to  conduct  electricity.  Its  positive 
polarity  is  in  the  work  piece.  The  result  is  an  intense,  direct  heat  that  is  ideal  for 
melting  smelting  gasification,  annihilation,  recovery,  and  reclamation. 
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Nontransferred  Arc  Torches 

A  nontransferred  arc  torch  uses  two  internal  electrodes.  A  small  column  of  injected 
gas  creates  the  plasma  flame  that  extends  beyond  the  tip  of  the  torch.  A  non¬ 
transferred  torch  produces  the  more  dispersed  heat  that  is  needed  for  air  and  gas 
heating,  drying,  annealing  solid  particle  ignition,  cutting,  and  for  processing  high 
temperature,  non-conductive  materials  like  glass  and  ceramics. 

Convertible  Arc  Torches 

Convertible  arc  torches  can  operate  in  either  the  transferred  or  nontransferred 
mode.  Field  conversion  is  quick,  easy,  and  has  significant  advantages  in  research 
applications. 

Variable  Electrode  Materials 

Plasma  arc  torches  offer  a  selection  of  electrode  materials  for  complete  process 
compatibility:  copper,  tungsten,  molybdemun,  certain  alloys,  and  others.  With  this 
selection  of  electrode  materials,  greater  strength  is  available,  process  contamination 
is  controlled,  and  cost  is  minimized.  Once  expended,  these  electrodes  are  easily 
replaced. 


Introduction 

In  today’s  industrial  and  commercial  environments,  new  processing  methods  are 
essential  for  growth  and  productivity.  Until  recently,  heat  processing  was  t5q)ically 
limited  to  conventional  fuel  combustion,  but  advancements  in  heating  technology 
now  offer  more  efficient  options.  One  of  the  proven  alternatives  for  generating  heat 
is  the  plasma  arc  heating  system,  a  high  technology  product  of  intensive  research, 
practical  experience,  industrial  demands,  and  aerospace  technology.  Plasma  heating 
systems  are  among  the  most  effective  means  for  efficiently  generating  heat.  They 
far  surpass  conventional  methods  because  they  offer  greater  temperature  control, 
faster  reaction  time,  better  processing  control,  lower  capital  costs,  greater 
throughput,  and  more  efficient  use  of  energy.  The  applications  for  plasma  heating 
systems  are  widespread,  ranging  from  industrial  and  research  environments  to 
municipal  waste  management.  They  include  ladle  and  tundish  heating  melting 
(ferrous  and  nonferrous  metals),  vacuum  melting,  recovery  processes,  municipal  and 
hazardous  waste  treatments,  and  chemical  synthesis. 
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Plasma  energy  is  a  common,  naturally-occurring  resource.  It  is  the  most  prevalent 
state  in  the  universe.  Simply  stated,  plasma  energy  is  any  gas  that  conducts  or  can 
be  made  to  conduct  electricity.  The  discharged  static  electricity  in  thunderstorms 
(lightning)  is  an  example  of  plasma  energy,  and  so  is  the  aurora  borealis,  or 
“Northern  Lights.”  Plasma  heating  technology  has  a  proven  record  of  success  in 
certain  industrial  applications.  Over  30  years  ago,  plasma  heating  technology  was 
used  in  the  space  program  to  simulate  the  torrid  temperatures  of  re-entry  into  the 
earth’s  atmosphere.  Today,  plasma  heating  systems  continue  to  demonstrate  their 
strength  in  a  wide  variety  of  industrial  and  commercial  environments. 


Plasma  Energy  Applications 

Plasma  energy  technology  is  a  valuable  resource  for  many  commercial  environ¬ 
ments,  including  steel  mills,  reactive  metal  industries’  municipal/hazardous  waste 
disposal  sites,  and  research  laboratories.  As  a  controlled,  high-intensity,  and 
reliable  heat  source,  plasma  heating  systems  can  be  used  in  vacuum  furnaces  for 
titanium  processing,  as  gas  heaters  for  drying,  heat  treatment,  or  preheating,  in 
glass/ceramic  processing,  and  for  coal  gasification.  They  can  also  be  used  for  bulk 
melting,  smelting,  pyrolysis,  precious  metal  recovery,  or  other  extractive  metallvirgi- 
cal  processes.  Plasma  heating  systems  offer  exciting  options  for  refining  refractory 
metals  and  for  processing  metals  in  high  purity  environments.  During  processes 
like  cold-crucible  and  cold-hearth  melting,  plasma-heating  systems  deliver  the 
controlled  concentrated  energy  that  ensures  purity,  homogeneity,  and  controlled 
solidification.  This  technology  can  also  be  applied  to  scrap  recycling  and  ceramic 
synthesis. 
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Appendix  C:  PM-10  Exhaust  Gas  Particle 

Loading 


Figured.  PM-10  exhaust  gas  particle  loading:  2220  g  steel  melt. 


Figure  C2.  PM-10  exhaust  gas  particle  loading:  3330  g  steel  melt. 
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Appendix  D: 


Elemental  Absorption  -  Cascade 
Impactor 


Figure  D1.  Elemental  absorption — cascade  impactor,  experiment  CPAR  1. 
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Figure  D2.  Elemental  absorption — cascade  impactor,  experiment  CPAR  2. 
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Figure  D3.  Elemental  absorption — cascade  impactor,  experiment  CPAR  3. 
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Figure  D4.  Elemental  absorption — cascade  impactor,  experiment  CPAR  4. 


USACERL  TR-96/DRAFT 


E1 


Appendix  E:  Optical  Pyrometer  Data 

Temperature 


Figure  E1.  Optical  pyrometer  data — temperature,  experiment  CPAR  1. 
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.  Optical  pyrometer  data — temperature,  experiment  CPAR  2. 


Figure  E3.  Optical  pyrometer  data— temperature,  experiment  CPAR  3. 
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Figure  E4.  Optical  pyrometer  data — temperature,  experiment  CPAR43. 


USACERL  TR-96/DRAFT 


F1 


Appendix  F: 


Elemental  Absorption  -  Vitrified 
Product 
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Figure  F2.  Elemental  absorption — ^vitrified  product,  experiment  CPAR  2. 
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Figure  F3.  Elemental  absorption— vitrified  product,  experiment  CPAR  3. 
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Figure  F4.  Elemental  absorption — ^vitrified  product,  experiment  CPAR  4. 
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Appendix  G:  CPAR  Temperature  Data 

Plasma  Gas  Effect 


Figure  G1.  CPAR  temperature  data — plasma  gas  effect,  experiment  CPAR  1. 
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.  CPAR  temperature  data — plasma  gas  effect,  experiment  CPAR  2. 


Figure  G3.  CPAR  temperature  data— plasma  gas  effect,  experiment  CPAR  3. 


Temperature  (deg  ( 


USACERL  TR-96/DRAFr 


Figure  G4.  CPAR  temperature  data — plasma  gas  effect,  experiment  CPAR  4. 
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Appendix  H:  CPAR  Thermocouple  Data  - 

Experiment  Observations 


Figure  H1.  CPAR  thermocouple  data — experimental  observations,  experiment  CPAR  1. 


Figure  H2.  CPAR  thermocouple  data— experimental  observations,  experiment  CPAR  2. 
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Figure  H4.  CPAR  thermocouple  data — experimental  observations,  experiment  CPAR  4. 


USACERL  TR-96/DRAFT 


11 


Appendix  I:  ACM  Decomposition 

Photographs 


Figure  II.  ACM  decomposition — ^vitrified  product,  experiment  CPAR  1. 
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Figure  15.  Decomposed  product,  experiment  CPAR  2,  sampie  1 . 
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Figure  19.  Decomposed  product,  experiment  CPAR  4,  sample  1 . 
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Figure  112.  Decomposed  product,  experiment  CPAR  4,  sample  4. 
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Appendix  J:  Plasma  Torch  Power  and 

Pressure  Data 


Pressure  (psi)  ■  Power  (KW) 
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Figure  J1.  Plasma  torch  power  and  pressure  data,  experiment  CPAR  1. 
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Figure  J3.  Plasma  torch  power  and  pressure  data,  experiment  CPAR  3. 
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Figure  J4.  Plasma  torch  power  and  pressure  data,  experiment  CPAR  4. 


Figure  J5.  Pyrometer/power  data,  experiment  CPAR  1. 
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Figure  J8.  Pyrometer/power  data,  experiment  CPAR  4. 
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Appendix  K:  RMA  -  ACM  Sample  Locations 
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Appendix  L:  RMA  Electron  Absorption  Data 
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Figure  L1 .  RMA  electron  absorption  data  for  Figure  9. 
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Figure  L2.  RMA  electron  absorption  data  for  Figure  10. 
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CEMP-M 

ATTN: 

CEMP-R 

ATTN: 

CERD-ZA 

ATTN: 

DAEN-ZCM 

ATTN; 

DABN-ZCE 

ATTN: 

DAEN-ZCI 

CECPW 

ATTN; 

CECPW-F  22060 

ATTN: 

CECPW-TT  22060 

ATTN; 

CECPW-ZC  22060 

ATTN: 

DET  01  79906 

US  Army  Engr  Diitnct 

ATTN: 

Library  (40) 

US  Army  Engr  Divtnon 

ATTN: 

Library  (13) 

US  Army  Eurc^je 

ATTN: 

AEAEN-EH  09014 

ATTN; 

AEAEN-ODCS  09014 

29th  Aret  Support  Croup 
ATTN:  AERAS-FA  09054 
lOOih  Support  Group 

ATTN:  AETT-EN-DEH  09114 
22Zd  Base  Baoalion 

ATTN:  AETV-BHR-E  09034 
235ih  Baae  Suppon  Battalion 

ATTN:  Unit  28614  Anabach  09177 
293d  Base  Support  BaOalion 

ATTN:  AEUSG-MA-AST-WO-E  09086 
409th  Suppon  Battalion  (Ba*«) 

ATTN-  AETTG-DEH  09114 
412th  Base  Support  Battalion  09630 
ATTN:  Unit  31401 
Prankfuit  Base  Support  Battalion 
ATTN;  Umt  25727  09242 
CMTC  Hohenfeis  09173 
ATTN;  AETTH-DEH 
Mainz  Germany  09 185 
ATTN:  BSB-MZ-B 
21sl  Suppon  Command 
ATTN:  DEH  (10) 

US  Army  Berlin 

ATTN:  AEBA-EH  09235 
ATTN:  AEBA-EN  09235 
SETAP 

ATTN:  AESE-EN-D  09613 
ATTN:  AESE-EN  09630 
Supreme  Allied  Command 
ATTN:  ACSGEB  09703 
ATTN:  SHIHB/ENGR  09705 

INSCOM 

ATTN:  IALOG-!  22060 
ATTN:  lAV-DEH  22186 

HQ  XVin  Airborne  Corpe  28307 
ATTN:  AF2:A  DEH-EE 

Us  Army  Maienel  Command  (AMC) 
Alcaandna,  VA  22333*0001 
ATTN:  AMCEN-F 
I  na  tail  10  ora: 

ATTN:  DEH  (19) 


PORSCOM 

Porta  GiJlem  <k  McPheiaon  30330 
ATTN:  PCBN 
iFBtaliaCiona: 

ATTN:  DEH  (23) 

Nadonal  Guard  Bureau  20310 
ATTN;  Inatalladone  Dtv 

PotBelvoir  22060 
ATTN:  CETEC-IM-T 
ATTN:  CBCC-R  22060 
ATTN:  Engr  Stiale^c  Stupes  Ctt 
ATTN:  Auatzalian  Liaiaon 

USA  Nadek  RDJtH  Center  01760 
ATTN;  STRNC-DT 
ATTN:  DRDNAJ» 

mADOC 

Fort  Mofffoe  23651 
ATTN:  ATBO-G 

InaiaUadom: 

ATTN:  DBH  (20) 

USARPAC  96858 
ATTN:  DEH 
ATTN:  APEN-A 

SHAPE  09705 

ATTN:  IiAaatnaeture  Branch  LANDA 

Area  Engineer,  AEDC-Aiea  0£Boe 
Arnold  Air  Poree  Stadon,  TN  37389 

HQ  USEUCOM  09128 
ATTN:  ECJ4-LIH 

AMMRC  02172 
ATTN:  DRXMR-AP 
ATTN:  DRXMR-WB 

CEWES  39180 
ATTN;  Ul^aiy 

CECRL  03755 
ATTN:  Ubraiy 

USA  AMCOM 

ATTN:  Pscilitica  Bngr  21719 
ATTN:  AMSMC-IR  61299 
ATTN:  PacUidea  Engr  (3)  85613 

Military  Traffic  Mgmt  Command 
ATTN:  MTBA-GB-EHP  07002 
ATTN:  MT-LOP  20315 
ATTN:  MTB-SU-FE  28461 
ATTN:  MTW-E  94626 

Port  Leonard  Wood  65473 
ATTN:  ATSE-DAC-LB  (3) 

ATTN:  ATZA-TB-SW 
ATTN:  ATSH*CFLO 
ATTN:  ATSE-DAC-FL 

Military  Diat  of  WASH 
Fort  McNair 

ATTN:  ANBN  20319 

USA  Engr  Aedvity,  Capital  Area 
ATTN:  Library  22211 

Norton  APB  92409 
ATTN:  Library 

US  Army  ARDBC  07806 
ATTN:  SMCAR-ISH 

Engr  Societiea  Library 
ATTN:  Acquiaidora  10017 

Defenae  Nuclear  Agency 

ATTN:  NADS  20305 


DefenM  LogUdci  Agency 
ATTN;  DLA-WI  22304 

US  MiHtary  Acadesiy  10996 
ATTN;  MAHN-A 
ATTN:  Facifibea  Engjnoor 
ATTN:  G«>fnphy  4  Eavi  Hagrg 

416th  Engme^  Command  60623 
ATTN:  Gibaou  USAR  Ctr 

USA  Japan  (USARJ) 

ATTN:  APAJ*BN-BS  96343 
ATTN:  HONSHU  96343 
ATTN:  DBH-Okiaawt  96376 

Naval  Faeilidea  Engr  (Tomnaod 
ATTN:  Pacifiiiei  Enj^  Commaad  (8) 

ATTN:  DtviaioB  C^iees  (11) 

ATTN:  PnbEc  Woika  Centw  (8) 

ATTN;  Naval  Cooad  BaOiHoo  Ctc  93043 
ATTN:  Naval  Civil  Hngr  Service  Center  (3)  93043 

gch  US  Army  Kama 
ATTN:  DBH  (12) 

US  Army  HSC 
Port  Sam  Honaton  78234 
ATTN;  HSLO-F 
Pitzaimona  Army  Metfical  Cd 
ATTN:  HSHG-DHH  80045 
Walter  Reed  Army  Medical  Ctr  20307 

Tyndall  APB  32403 
ATTN:  HQAPCESA  Program  Ofc 
ATTN:  Engrg  A  &vc  Lab 

USATSARCOM  63120 
ATTN:  STSAS-P 

Atnaican  Public  Woikx  Aaaoc.  60637 

US  Army  Emr  Hygiene  Agency 
ATTN:  HSHB-ME  21010 

US  Gov’t  Prindng  Office  20401 
ATTN;  Rec  Sec/Depoail  Sec  (2) 

Nat’l  InadiQK  of  Standards  A  Tech 
ATTN:  Ubrary  20899 

Defense  Tech  Info  Ceiaa  22304 
ATTN:  DTIC-FAB(2) 

275 

9/9^ 


This  publicaiion  was  reproduced  on  recycled  paper. 


*  U.S.  GOVERNMENT  PRINTING  OFFICE;  1993— 351 0-S/80074 


